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AN APPAM-TUS TO STUDY COLLISIONS 
OF IONIZED AND NEUTRAL PARTICLES 

WITH GASES AT METEORIC VELOCITIES 

By Roder ick D .  S w i f t  

American Sc ience  and Engineer ing ,  I n c .  
Cambridge, Massachuse t t s  

SUMMARY 

The s t u d y  of meteor  composi t ion and t h e  p h y s i c s  of meteor f l i g h t  

through t h e  upper atmosphere depends g r e a t l y  on p roper  i n t e r p r e t a t i o n  of 

observed meteor s p e c t r a  and i o n i z a t i o n  t ra i l s ,  b o t h  of which may be  ana lyzed  

f o r  v a r i o u s  p o r t i o n s  of t h e  meteor p a t h .  D e t a i l e d  q u a n t i t a t i v e  a n a l y s i s  

r e q u i r e s  knowledge of t h e  p e r t i n e n t  c o l l i s i o n s ,  e x c i t a t i o n  and i o n i z a t i o n  

c r o s s - s e c t i o n s  over  t h e  energy range  cor responding  t o  m e t e o r i c  v e l o c i t i e s .  

Such measurements a r e  b e s t  made under c o n t r o l l e d  l a b o r a t o r y  c o n d i t i o n s .  

Accurate  r e s u l t s  could  be  a p p l i e d ,  n o t  on ly  t o  meteor  f l i g h t ,  b u t  t o  t h e  

theory  of a tomic and molecu la r  i n t e r a c t i o n s  a s  w e l l .  

I n  t h i s  r e p o r t  we d e s c r i b e  a n  a p p a r a t u s  b u i l t  t o  measure t h e  s p e c t r a  

and t h e  a b s o l u t e  emiss ion  c r o s s - s e c t i o n s  f o r  l i g h t  produced i n  p a r t i c l e  

c o l l i s i o n s  a t  m e t e o r i c  V e l o c i t i e s .  The t e r m  "emission" c r o s s - s e c t i o n  i s  

used because  t h e  observed r a d i a t i o n  may b e  t h e  r e s u l t  of a cascade p r o c e s s  

a s  w e l l  a s  d i r e c t  e x c i t a t i o n  t o  t h e  p a r e n t  l e v e l .  Both i o n - n e u t r a l  and 

n e u t r a l - n e u t r a l  c o l l i s i o n s  can b e  s t u d i e d ,  and t h e  c a l i b r a t e d  s p e c t r a l  r a n g e  

is  2500 1 t o  8000 i. D e t a i l e d  d e s c r i p t i o n s  of t h e  a p p a r a t u s  a r e  g i v e n .  

I n  o r d e r  t o  check t h e  performance of t h e  a p p a r a t u s ,  a number of 

exper iments  were done. These inc luded  s p e c t r a l  measurements, from which 



r e l a t i v e  c r o s s - s e c t i o n s  may be  deduced, f o r  ~ e +  i o n s  impinging on g a s  

t a r g e t s  (NZ, 02,  a i r  and Ar) .  S p e c t r a  and c r o s s - s e c t i o n s  were a l s o  

+ 
measured f o r  A r  + A r  i n  o r d e r  t o  compare r e s u l t s  w i t h  t h o s e  p u b l i s h e d  by 

o t h e r  r e s e a r c h  groups.  The energy dependence of t h e  c r o s s - s e c t i o n s  f o r  

emiss ion of t h e  4610 A and 4765 A l i n e s  of ~ r +  d u r i n g  ~ e +  + A r  c o l l i s i o n s  

was s t u d i e d  i n  d e t a i l  from t h r e s h o l d  t o  2000eV i o n  energy.  F i n a l l y ,  a beam 

of n e u t r a l  N2 a t  900 eV was produced by a charge-exchange p r o c e s s  and i t s  

i n t e n s i t y  measured. The r e s u l t s  of some of t h e  above exper iments  have been 

p u b l i s h e d ,  and r e f e r e n c e s  a r e  g iven .  Computational p rocedures  f o r  c r o s s -  

s e c t i o n  measurements a r e  a l s o  d e s c r i b e d .  



1 . 0  INTRODUCTION 

The v i s i b l e  r a d i a t i o n  observed when a  meteor p e n e t r a t e s  t h e  a tmosphere  

c o n s i s t s  a lmos t  e n t i r e l y  of a tomic and molecular  s p e c t r a ,  and i s  a p p a r e n t l y  

produced a t  some s e p a r a t i o n  from t h e  m e t e o r ' s  s u r f a c e .  The c o n c l u s i o n  

is  t h a t  'he mechanisms p r i n c i p a l l y  r e s p o n s i b l e  f o r  t h e  observed l i g h t  and 

i o n i z a t i o n  trails a r e  v a r i o u s  t y p e s  of c o l l i s i o n s  between a tmospher ic  g a s e s  

and p a r t i c l e s  e i t h e r  evapora ted  o r  rebounding from t h e  s u r f a c e .  Depending 

on t h e  meteor speed (10 - 70 km/sec) and t h e  p a r t i c l e  mass,  t h e  i n t e r a c t i o n  

e n e r g i e s  l i e  i n  a n  approximate  r a n g e  1 0  eV t o  2000 e V .  I n  o r d e r  t o  e v a l u a t e  

t h e  r e l a t i v e  importance of t h e  v a r i o u s  c o l l i s i o n  p r o c e s s e s ,  i t  i s  n e c e s s a r y  

t o  know t h e  p e r t i n e n t  c r o s s - s e c t i o n s  over t h e  above energy range .  Labora to ry  

measurements of t h e s e  c r o s s - s e c t i o n s  would n o t  on ly  enhance our knowledge of 

meteor dynamics, through proper  i n t e r p r e t a t i o n  of t h e  energy t r a n s f e r  p r o c e s s e s  

r e s p o n s i b l e  t o  t h e  observed l i g h t  and i o n i z a t i o n ,  b u t  would a l s o  add t o  our 

knowledge of t h e  phys ics  of a tomic and molecular  i n t e r a c t i o n s .  

The f i r s t  r a d i a t i o n s  s e e n  from a  meteor upon e n t e r i n g  t h e  e a r t h ' s  

atmosphere,  w h i l e  i t  i s  s t i l l  i n  t h e  regime of f r e e  molecu la r  f low,  are 

t h o s e  c h a r a c t e r i s t i c  of a i r  emiss ion  a l o n e .  It i s  sugges ted  by Cook (Ref .  1 )  

t h a t  t h e  a i r  molecules  which rebound from t h e  meteor  s t r i k e  t h e  ambient 

molecules  a t  h i g h  r e l a t i v e  v e l o c i t y  and e x c i t e  them. I f  t h i s  i s  t h e  

mechanism, t h e n  knowledge of t h e  e x c i t a t i o n  c r o s s - s e c t i o n s  and accommodation 

c o e f f i c i e n t s  f o r  a i r  molecules  i n  t h e  m e t e o r i c  energy regime can  a l l o w  t h e  

c r o s s - s e c t i o n a l  a r e a  of t h e  meteor t o  b e  i n f e r r e d  from measurements of t h e  

e a r l y  t ime s p e c t r a .  S i m i l a r l y ,  w h i l e  t h e  composi t ion of t h e  meteors  can 

b e  deduced i n  g e n e r a l  terms by a  s t u d y  of t h e  spectrum of t h e  c h a r a c t e r i s t i c  



l i n e s  e m i t t e d  by t h e  v a r i o u s  e lements ,  e x c i t a t i o n  c r o s s - s e c t i o n s  f o r  t h e  

important  l i n e s  a r e  r e q u i r e d  t o  f u l l y  unders tand  t h e  p h y s i c s  of meteor 

f l i g h t  and t o  deduce t h e  t r u e  composi t ion from t h e  s p e c t r a l  d a t a .  

Any l a b o r a t o r y  f a c i l i t y  in tended  t o  measure c r o s s - s e c t i o n s  p e r t i n e n t  

t o  meteor dynamics should have t h e  f o l l o w i n g  p r o p e r t i e s :  (1)  It shou ld  b e  

a b l e  t o  produce beams of b o t h  a tmospher ic  and m e t e o r i c  c o n s t i t u e n t s  i n  

e i t h e r  i o n i c  o r  n e u t r a l  form. (2) Such beams shou ld  b e  a d j u s t a b l e  i n  energy ,  

w i t h  s m a l l  energy s p r e a d ,  throughout  t h e  lOeV t o  2000eV m e t e o r i c  regime.  

( 3 )  Known t a r g e t  g a s e s  must b e  provided and t h e i r  p r e s s u r e  c o n t r o l l e d .  (4 )  

It  should b e  p o s s i b l e  t o  measure t h e  number of s low i o n s  produced by charge- 

exchange d u r i n g  i n t e r a c t i o n s .  (5) O p t i c a l  r a d i a t i o n  produced d u r i n g  i n t e r -  

a c t i o n s  should b e  d e t e c t e d  over  a s  broad a  wave l e n g t h  range  a s  p o s s i b l e ,  and 

t h e  range  should i n c l u d e  t h e  v i s i b l e  spectrum where most m e t e o r i c  o b s e r v a t i o n s  

a r e  made. (6)  The r a d i a t i o n  shou ld  b e  d e t e c t e d  w i t h  a s p e c t r a l  r e s o l u t i o n  

s u f f i c i e n t  t o  i s o l a t e  most of t h e  s t r o n g e s t  l i n e s .  ( 7 )  The beam i n t e n s i t y ,  

t a r g e t  g a s  p a r t i c l e  d e n s i t y ,  and r e a c t i o n  p roduc t s  shou ld  a l l  b e  measureab le  

i n  a  q u a n t i t a t i v e  way s o  t h a t  a b s o l u t e  c r o s s - s e c t i o n s  can be  computed. 

An a p p a r a t u s  b u i l t  t o  s a t i s f y  t h e  above requ i rements  i s  d e s c r i b e d  i n  

d e t a i l  i n  S e c t i o n  2  of t h i s  r e p o r t .  S e c t i o n  3 o u t l i n e s  t h e  o p e r a t i o n a l  and 

computat ional  p rocedures  r e q u i r e d  t o  o b t a i n  v a l u e s  f o r  c r o s s - s e c t i o n s ,  and 

t h e  r e s u l t s  of s e v e r a l  exper iments  a r e  d e s c r i b e d  b r i e f l y  i n  S e c t i o n  4 .  The 

f i n a l  s e c t i o n  g i v e s  p r e l i m i n a r y  d e s i g n  concep t s  f o r  a  c o l l i s i o n  chamber t h a t  

would e n a b l e  t h e  vapors  of m e t e o r i c  m a t e r i a l s  t o  b e  used a s  t h e  t a r g e t .  

Laboratory  notebooks produced under t h e  s u b j e c t  c o n t r a c t  w i l l  be  provided w i t h  

t h i s  r e p o r t ,  a s  w i l l  c o p i e s  of a l l  c o n s t r u c t i o n  drawings and w i r i n g  d iagrams .  



The author  takes  t h i s  opportuni ty  t o  thank D r .  Les te r  Sodickson f o r  

preparing most of t h e  o r i g i n a l  p roposa l  f o r  t h i s  work, M r .  O r r  Shepherd f o r  
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2.0 APPARATUS 

The p r i n c i p a l  t a s k s  s e t  f o r t h  i n  t h e  S ta tement  of Work of C o n t r a c t  

NAS 12-143 a r e  d i r e c t e d  toward t h e  d e s i g n ,  c o n s t r u c t i o n  and t e s t i n g  of a 

l a b o r a t o r y  f a c i l i t y  in tended  t o  perform measurements of c r o s s - s e c t i o n s  f o r  

c o l l i s i o n  p r o c e s s e s  c h a r a c t e r i s t i c  of t h o s e  t h a t  occur  when a  meteor e n t e r s  

t h e  atmosphere.  I t  i s  i m p e r a t i v e  t h a t  t h e  F i n a l  Repor t  i n c l u d e  s u f f i c i e n t l y  

d e t a i l e d  d e s c r i p t i o n s  of t h e  a p p a r a t u s  and i t s  o p e r a t i o n  t o  pe rmi t  its u s e  

by p e r s o n n e l  u n f a m i l i a r  w i t h  i t s  c o n s t r u c t i o n .  The main body of t h e  Repor t  

i s  t h e r e f o r e  con ta ined  i n  t h i s  S e c t i o n .  

Two main c a t e g o r i e s  of exper iments  a r e  t o  b e  performed: i o n - n e u t r a l  

and n e u t r a l - n e u t r a l  c o l l i s i o n s .  The u s e f u l  energy range  of t h e  a p p a r a t u s  i s  

approximately  l O e V  t o  3000eV, s l i g h t l y  exceeding t h e  range  of e n e r g i e s  

c h a r a c t e r i s t i c  of m e t e o r i c  c o l l i s i o n s .  The a p p a r a t u s  i s  p r i m a r i l y  i n t e n d e d  

t o  measure o p t i c a l  emiss ion  c r o s s - s e c t i o n s ,  b u t  i t  can a l s o  b e  used t o  

measure c o r s s - s e c t i o n s  f o r  charge  t r a n s f e r .  O p t i c a l  c a l i b r a t i o n  f a c i l i t i e s  

a r e  i n c l u d e d .  

A  schemat ic  diagram of t h e  a p p a r a t u s  is  shown i n  F i g u r e  1. It c o n s i s t s  

of f o u r  p r i n c i p a l  sub-systems, p l u s  suppor t  equipment r e q u i r e d  f o r  t h e i r  

o p e r a t i o n .  They a r e  (1) f a c i l i t i e s  f o r  i o n  beam f o r m a t i o n  and c o n t r o l ,  (2) 

a  charge-exchange r e g i o n  t o  produce n e u t r a l  beams, (3)  a c o l l i s i o n  chamber 

where exper iments  are a c t u a l l y  done and (4) a n  o p t i c a l  sys tem t o  c o l l e c t  and 

measure t h e  c o l l i s i o n  induced l i g h t .  These sub-systems i n c l u d e  t h e  means 

t o  de te rmine  t h e  n e c e s s a r y  q u a n t i t i e s :  beam energy,  beam i n t e n s i t y ,  c o l l i s i o n  

g a s  p r e s s u r e  and t empera tu re ,  l i g h t  wave l e n g t h ,  l i g h t  i n t e n s i t y ,  l i g h t  
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Figure 1. Atomic Beam Apparatus Schematic Diagram 



p o l a r i z a t i o n ,  and n e t  quantum e f f i c i e n c y .  Photon counting methods are used 

t o  measure t h e  c o l l i s i o n  l i g h t ,  and s t a n d a r d  lock- in  d e t e c t i o n  methods a r e  

empivyed to  record spectra .  

A set of c o n s t r u c t i o n  p r i n t s  i s  provided w i t h  t h i s  r e p o r t .  It 

thoroughly covers  t h e  mechanical  d e t a i l s  of t h e  a p p a r a t u s ,  which w i l l  n o t  

be  r e p e a t e d  h e r e .  A Drawing L i s t  i s  g i v e n  i n  Appendix A .  D e s c r i p t i o n  of 

t h e  v a r i o u s  components of t h e  a p p a r a t u s  f o l l o w .  

2 . 1  General  Support  Apparatus 

T h i s  t o p i c  c o v e r s  t h e  suppor t  sys tems - vacuum, power, wa te r  and gas  

hand l ing  - t h a t  p r o v i d e  t h e  environment and s e r v i c e s  n e c e s s a r y  t o  o p e r a t e  

t h e  b a s i c  e x p e r i m e n t a l  equipment. Except f o r  t h e  gas  hand l ing  f a c i l i t y ,  

which i s  s e p a r a t e ,  t h e  s u p p o r t  sys tems are a n  i n t e g r a l  p a r t  of a  4 '  x 5 '  

movable t a b l e  upon which t h e  fundamental  p a r t s  of t h e  a p p a r a t u s  a r e  mounted. 

2 .1 .1  Vacuum system. - The s o u r c e  chamber, c o n t a i n i n g  t h e  i o n  s o u r c e ,  

e x t r a c t i o n  and f o c u s i n g  l e n s ,  and d r i f t  t u b e ,  i s  pumped by a  4" o i l  d i f f u s i o n  

pump. The t a r g e t  chamber, which h a s  a  h i g h e r  gas  load  d u r i n g  exper iments ,  

i s  pumped by a 6" o i l  d i f f u s i o n  pump. Both pumps u t i l i z e  w a t e r  b a f f l e d  

z e o l i t e  t r a p s  above t h e i r  i n p u t s  and are backed by t h e  same mechanical  pump. 

The f o r e - l i n e l r o u g h i n g  l i n e  a l s o  c o n t a i n s  a  z e o l i t e  t r a p  t o  p r e v e n t  back- 

s t reaming  of mechanical  pump o i l  v a p o r s .  Both d i f f u s i o n  pumps may b e  va lved  

o f f  when t h e  sys tem i s  ven ted .  

The c o n t r o l  p a n e l  f o r  t h e  pumping system c o n t a i n s  a  s a f e t y  i n t e r l o c k  

t h a t  p r o t e c t s  t h e  d i f f u s i o n  pumps and i o n  s o u r c e  i n  c a s e  of w a t e r ,  power or  

vacuum f a i l u r e .  



2 . 1 . 2  Power d i s t r i b u t i o n .  - The e l e c t r i c a l  power i n p u t  c o n s i s t s  of a 

1201208 v o l t ,  3 phase  l i n e  r a t e d  a t  60 amperes p e r  phase .  I t  i s  d i s t r i b u t e d  

through a 2 4 - c i r c u i t  b r e a k e r  box. The d i s t r i b u t i o n  p l a n  i s  a s  f o l l o w s :  

D i f f u s i o n  pumps, phase  A, 3 .0  KVA 

Mechanical  pumps, phase  A ,  1 . 5  KVA 

Ion  s o u r c e  (excep t  oven) ,  phase  C ,  7.0 KVA max* 

Ion  s o u r c e  oven, phase  B ,  2.0 KVA max -- r e s e r v e d  

Z e o l i t e  t r a p  h e a t e r s ,  phase C ,  3 .0  KVA* 

System bakeout  h e a t e r s ,  phase  C ,  5 .0  KVA* -- r e s e r v e d  

(assuming 1000 sq. i n .  a t  5 w/ in2)  

Analyzer magnet,  3 phase ,  1 . 8  KVA max 

Charge-exchange oven, phase  B ,  2.0 KVA ( e s t i m a t e d  max) - r e s e r v e d  

U t i l i t y  o u t p u t s  ( e l e c t r o n i c s ) ,  phase  B ,  3 . 0  KVA ( e s t i m a t e d  max) 

A power d i s t r i b u t i o n  p l a n  is  g iven  on Drawing SK-120-3004. 

2 .1 .3  Water d i s t r i b u t i o n .  - The w a t e r  d i s t r i b u t i o n  p l a n  i s  shown i n  

Drawing SK-120-3003. Note t h a t  t h e  i o n  s o u r c e  c o o l i n g  j a c k e t  u s e s  a h e a t  

exchanger f i l l e d  w i t h  d i s t i l l e d  wa te r  and a d e i o n i z e r .  T h i s  i s  t o  i n h i b i t  

c o r r o s i o n  and f o r m a t i o n  of m i n e r a l  d e p o s i t s  i n  t h e  c o o l i n g  j a c k e t ,  which 

would p reven t  i t s  dissembly f o r  c l e a n i n g .  The pump quick-cool ing c i r c u i t  i s  

t i e d  i n t o  t h e  vacuum s a f e t y  i n t e r l o c k .  

2 .1 .4  G a s  h a n d l i n g  system. - A g a s  hand l ing  system,  i n c l u d i n g  a n  

a u x i l i a r y  vacuum system,  was b u i l t  t o  c o n t r o l  t h e  gas  f l o w  t o  t h e  i o n  s o u r c e ,  

c o l l i s i o n  chamber and charge  exchange chamber. It i s  shown s c h e m a t i c a l l y  i n  

* Note t h a t  no two of t h e s e  i tems would be  drawing power a t  t h e  same t ime.  

i 0 



Drawing SK-120-3023. The o p e r a t i o n  of t h e  sys tem i s  e v i d e n t  from t h e  drawing.  

A McLeod gauge is  provided t o  c a l i b r a t e  t h e  c a p a c i t a n c e  manometer used t o  

measure t h e  c o l l i s i o n  g a s  and charge-exchange g a s  p r e s s u r e s .  The McLeod 

gauge may a l s o  b e  used t o  measure t h e  p r e s s u r e  i n  t h e  a u x i l i a r y  vacuum 

system. 

2.2 Ion  Beam Formation and C o n t r o l  

The p rocedure  used t o  o b t a i n  a beam of i o n s  of t h e  d e s i r e d  s p e c i e s ,  

t r a v e l i n g  a t  m e t e o r i c  v e l o c i t i e s ,  may b e  cons idered  a s  f o u r  s e p a r a t e  p r o c e s s e s :  

(1) fo rmat ion  of a plasma of p a r t i a l l y  i o n i z e d  g a s  from which i o n s  may b e  

e l e c t r o s t a t i c a l l y  e x t r a c t e d ,  (2)  e x t r a c t i o n  and f o c u s i n g  of t h e  i o n s  t o  form 

a we l l -de f ined ,  c o n t r o l l a b l e  beam,(3)  s e l e c t i o n  of i o n s  of t h e  d e s i r e d  

s p e c i e s ,  and (4)  ad jus tment  t o  t h e  d e s i r e d  energy .  The equipment needed t o  

perform t h e  above f u n c t i o n s ,  and o p e r a t i o n a l  d a t a  which i n d i c a t e  t h e  d e g r e e  

of s u c c e s s ,  a r e  t h e  s u b j e c t s  of t h i s  t o p i c .  F i g u r e  2 s c h e m a t i c a l l y  i l l u s t r a t e s  

t h e  i o n  beam f o r m a t i o n  and c o n t r o l  a p p a r a t u s .  

2 . 2 . 1  I o n  source .  - The i o n  s o u r c e  i s  a commercially a v a i l a b l e  s o u r c e  

(Danfysik Model 910) of t h e  so -ca l l ed  Danish o r  N i e l s e n  t y p e ,  s e l e c t e d  

because  of i t s  a b i l i t y  t o  b e  opera ted  w i t h  low vapor -pressure  m a t e r i a l s .  It 

is  adequa te ly  d e s c r i b e d  i n  t h e  pub l i shed  l i t e r a t u r e  (Refs .  2 t o  4 ) ,  s o  o n l y  

a b r i e f  d e s c r i p t i o n  w i l l  b e  g i v e n  i n  t h i s  r e p o r t .  

The h e a r t  of t h e  i o n  s o u r c e  i s  a c y l i n d r i c a l  c a v i t y  i n  which a plasma 

of p a r t i a l l y  i o n i z e d  g a s  of t h e  d e s i r e d  beam material, o r  a compound c o n t a i n -  

i n g  i t ,  is formed by e l e c t r o n  bombardment. The charged p a r t i c l e s  a r e  magnet- 

i c a l l y  con ta ined  by an  a x i a l  magnet ic  f i e l d ;  t h e  e l e c t r o n s  a r e  c o n c e n t r a t e d  
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near  t h e  c e n t e r  of t h e  c a v i t y  by m a i n t a i n i n g  b o t h  end caps  a t  ca thode  p o t e n t i a l  

w h i l e  t h e  c y l i n d r i c a l  w a l l  a c t s  a s  a n  anode.  When proper  c o n d i t i o n s  of mag- 

n e t i c  f i e l d ,  e l e c t r o n  emiss ion ,  anode p o t e n t i a l  and p r e s s u r e  a r e  ach ieved ,  a  

n e a r l y  s e l f - s u s t a i n i n g  plasma i s  c r e a t e d ,  from which a n  i o n  beam may be 

e x t r a c t e d .  

The i o n  s o u r c e ,  a s  o r i g i n a l l y  o b t a i n e d ,  was c a p a b l e  of producing temper- 

a t u r e s  t o  about  1 2 0 0 ~ ~ .  S i n c e  p r e s s u r e s  i n  t h e  range  of t o  t o r r  a r e  

r e q u i r e d  t o  s u s t a i n  a plasma, even h i g h e r  t empera tu res  must be  a t t a i n e d  t o  

o p e r a t e  t h e  i o n  s o u r c e  d i r e c t l y  on t h e  vapors  of i r o n ,  n i c k e l  and s i l i c o n ,  

a l l  impor tan t  m e t e o r i c  c o n s t i t u e n t s .  I n  a d d i t i o n ,  t h e  f i n a l  i o n  energy 

depends on t h e  p o t e n t i a l  d i f f e r e n c e  between t h e  grounded c o l l i s i o n  chamber and 

t h e  plasma. Consequent ly ,  t h e  plasma chamber was redes igned  f o r  o p e r a t i o n  a t  

t empera tu res  up t o  1500°c and a t  p o t e n t i a l s  t o  -3kV r e l a t i v e  t o  i t s  grounded 

vacuum housing.  

A c r o s s - s e c t i o n a l  view of t h e  new plasma chamber i s  shown i n ' F i g u r e  3 .  

The d e s i g n  minimizes  the rmal  s t r e s s e s ,  and a l l  p a r t s  s u b j e c t e d  t o  a  h i g h  

t empera tu re  environment a r e  made from r e f r a c t o r y  m a t e r i a l s :  g rade  HP boron- 

n i t r i d e  i n s u l a t o r s ,  g r a p h i t e  o r  molybdenum e l e c t r o d e s ,  t u n g s t e n  f i l a m e n t s ,  

and molybdenum h e a t e r  and r a d i a t i o n  s h i e l d s .  The charge  m a t e r i a l  may e i t h e r  

be  i n s e r t e d  i n  s o l i d  form ( a s  shown), leaked i n  a s  a  g a s ,  o r  r e t a i n e d  i n  a  

s u i t a b l e  c r u c i b l e .  The plasma is  i n i t i a t e d  and s u s t a i n e d  by e l e c t r o n  emis- 

s i o n  from t h e  s m a l l  f i l a m e n t ,  w h i l e  e x t r a  power t o  c o n t r o l  t h e  t empera tu re  

i s  provided by t h e  h e a t e r  c o i l .  The h e a t  s h i e l d s  s u b s t a n t i a l l y  reduce  t h e  

power r e q u i r e d  t o  o b t a i n  h i g h  t empera tu res .  TO r u n  a ~ e '  beam, a  t o t a l  power 

of about  350 w a t t s  i s  r e q u i r e d ,  of which about  200 w a t t s  a r e  s u p p l i e d  by t h e  





h e a t e r ,  150 by t h e  f i l a m e n t .  

The i o n  s o u r c e  i s  mounted on a  bel lows-sealed p o s i t i o n i n g  p l a t f o r m  t h a t  

e n a b l e s  t h e  plasma chamber a x i s  t o  be  p r o p e r l y  a l i g n e d  w i t h  t h e  r e s t  of t h e  

i o n - o p t i c s  system. I t  i n c o r p o r a t e s  two, o r t h o g o n a l ,  micrometer-dr ive  mechan- 

i s m s  f o r  t r a n s v e r s e  mot ion,  and f o u r  jackscrews which a r e  used t o  a d j u s t  t h e  

e x t r a c t i o n  gap. 

2 . 2 . 2  E x t r a c t i o n  and f o c u s i n g  l e n s .  - The e x t r a c t i o n  e l e c t r o d e  and 

l e n s  assembly c o n s i s t s  of t h r e e  fundamental  p a r t s :  an  e l e c t r o d e  t o  p u l l  

i o n s  from t h e  plasma, a n  e i n z e l  l e n s  t o  form t h e  e x t r a c t e d  c u r r e n t  i n t o  a  

p a r a l l e l  c y l i n d r i c a l  beam, and a  quadrupole  l e n s  p a i r  t o  shape t h e  beam and 

f o c u s  i t  on to  t h e  e n t r a n c e  s l i t  of t h e  magnet ic  a n a l y z e r .  

. The shape of t h e  e l e c t r o d e s  a t  t h e  e x t r a c t i o n  gap i s  a geometry £ r e -  

q u e n t l y  shown i n  t h e  l i t e r a t u r e  (Refs .  3 ,  5 ) ,  and r e p r e s e n t s  a n  e m p i r i c a l  

d e v i a t i o n  from t h e  e l e c t r o d e  shape used i n  t h e  so -ca l l ed  P i e r c e  gun (Ref.  6 ) .  

P i e r c e ' s  c a l c u l a t i o n s  de te rmine  t h e  form of t h e  e q u i p o t e n t i a l  s u r f a c e s  

r e q u i r e d  t o  form a  p a r a l l e l  beam of e l e c t r o n s  ( o r  o t h e r  charged p a r t i c l e s )  

from a  p l a n a r  ca thode .  I n  p a r t i c u l a r ,  t h e  ze ro  p o t i e n t i a l  e l e c t r o d e  ( i . e . ,  

t h e  ca thode  e l e c t r o d e ,  whose a p e r t u r e  d e t e r m i n e s  t h e  c r o s s - s e c t i o n  of t h e  

p a r a l l e l  beam) meets  t h e  p l a n e  of t h e  e m i t t e r  a t  a n  a n g l e  of 67.5', and more 

d i s t a n t  e q u i p o t e n t i a l  s u r f a c e s  approach a n  a n g l e  of 90° a t  t h e  edge of t h e  

beam. One of t h e  l a t t e r ,  depending on i t s  d i s t a n c e  from t h e  ca thode ,  d e t e r -  

mines t h e  shape of t h e  a c c e l e r a t i n g  ( e x t r a t i o n )  e l e c t r o d e .  The shape  of t h e  

e m i t t i n g  boundary of t h e  plasma i s  d i f f i c u l t  t o  d e f i n e ,  however, and i s  n o t  

l i k e l y  t o  be p l a n a r  (Ref.  7 ) ,  s o  P i e r c e ' s  f o r m u l a t i o n  i s  n o t  s t r i c t l y  v a l i d  

and t h e  e m p i r i c a l  approach i s  used.  



I n  o rder  t o  form a  p a r a l l e l  beam a t  t h e  i n p u t  of t h e  quadrupole  l e n s  

( s e e  below),  a  t h r e e - a p e r t u r e  e i n z e l  l e n s  was b u i l t  w i t h  t h e  e x t r a c t i o n  

e l e c t r o d e  a p e r t u r e  a t  i t s  f o c u s .  The e q u a t i o n s  used f o r  t h e  d e s i g n  of t h e  

l e n s  were t aken  from P i e r c e :  

where L  is  t h e  s p a c e  between t h e  e lements  

f  i s  t h e  f o c a l  l e n g t h  (from t h e  l e n s  

c e n t e r )  

D i s  t h e  d i s t a n c e  of t h e  p r i n c i p a l  

p l a n e  from t h e  c e n t e r  

V1 i s  t h e  p o t e n t i a l  of t h e  o u t e r  

e lements  

V 2  i s  t h e  p o t e n t i a l  of t h e  c e n t e r  

e lement  

P l o t s  of L/f and D/L a r e  g i v e n  i n  Refe rence  6 .  S ince  t h e  e q u a t i o n s  

l e a v e  a g r e a t  d e a l  of c h o i c e  open f o r  t h e  p a r t i c u l a r  a p p l i c a t i o n ,  t h e  f o l -  

lowing c o n d i t i o n s  were a p p l i e d :  (1)  The beam c r o s s - s e c t i o n  f o r  i n p u t  i n t o  

t h e  quadrupole  l e n s  should b e  abou t  %" d i a m e t e r .  Th i s  w a s  chosen a s  t h e  

a p e r t u r e  s i z e .  ( 2 )  While t h e  a p e r t u r e  d iamete r  does  n o t  e n t e r  i n t o  P i e r c e ' s  

f o r m u l a t i o n ,  i t  was f e l t  t h a t  t h e  p l a t e  s e p a r a t i o n  L  should be  somewhat 

g r e a t e r  than  t h e  d i a m e t e r ,  s o  L=3/4" was chosen.  ( 3 )  The f o c a l  l e n g t h  



should be s h o r t  enough s o  t h a t  t h e  l e n s  accep tance  a n g l e  i s  r e a s o n a b l y  

l a r g e .  (4 )  The t o t a l  l e n g t h  of t h e  l e n s ,  from e x t r a c t i o n  e l e c t r o d e  t o  

quadrupole  f o c u s ,  should  be about  9" t o  a l l o w  room f o r  pumping t h e  s o u r c e  

chamber through t h e  l e n s  housing.  Condi t ions  (3) and (4)  were used t o  s e l e c t  

a  compromise v a l u e  f o r  t h e  v o l t a g e  r a t i o  V2/V1, which de te rmines  t h e  f o c a l  

l e n g t h  f o r  a  g iven  geometry. The v a l u e s  chosen were: 

v2/v1 " . 5  

f  : 2.625" 

F ine  ad jus tment  can be  made by changing V 2 ,  t h e  v o l t a g e  on t h e  middle  e lement  

of t h e  e i n z e l  l e n s .  

For maximum t r a n s m i s s i o n  through a  s e c t o r  t y p e  magnet ic  a n a l y z e r ,  t h e  

i o n  beam should be  s t r o n g l y  converging i n  t h e  p l a n e  p e r p e n d i c u l a r  t o  t h e  

f i e l d ,  r e a c h i n g  a c r o s s o v e r  a t  t h e  a n a l y z e r  e n t r a n c e  s l i t ,  and s l i g h t l y  

converging i n  t h e  p l a n e  p a r a l l e l  t o  t h e  f i e l d  t o  compensate f o r  t h e  f r i n g i n g  

f i e l d s .  T h i s  f o c u s i n g  s i t u a t i o n  can be achieved by t h e  use  of a n  e l e c t r o -  

s t a t i c  quadrupole  p a i r .  The f i r s t  s e t  of e l e c t r o d e s  c a u s e s  convergence i n  one 

p l a n e  and d i v e r g e n c e  i n  t h e  o t h e r ,  w h i l e  t h e  second s e t  i n t e r c h a n g e s  t h e  

p l a n e s  and i s  less s t r o n g l y  f o c u s i n g .  J u s t  such a  l e n s  i s  d e s c r i b e d  by 

Giese  (Ref.  8 ) .  H i s  d e s i g n  was d i r e c t l y  a d a p t a b l e  t o  t h e  p r e s e n t  e f f o r t  u s i n g  

h i s  pub l i shed  dimensions .  The f o c u s i n g  p r o p e r t i e s  can be a d j u s t e d  by v a r y i n g  

t h e  p o t e n t i a l s ,  and a  s m a l l  amount of beam s t e e r i n g  in t roduced  by u s i n g  s l i g h t l y  

d i f f e r e n t  p o t i e n t a l s  on o p p o s i t e  e l e c t r o d e s  of each p a i r .  

The a d d i t i o n a l  p r o v i s i o n  i s  made f o r  r o t a t i o n  of t h e  l e n s  about  i t s  

a x i s .  Th i s  e n a b l e s  t h e  r i b b o n  shaped quadrupole  o u t p u t  t o  be p r e c i s e l y  

a l i g n e d  w i t h  t h e  mass a n a l y z e r  s l i t s .  It has  been found t o  be a n  impor tan t  



ad jus tment  f o r  b e s t  beam i n t e n s i t y .  

A l e n s  system v e r y  s i m i l a r  t o  t h a t  d e s c r i b e d  h e r e  was p r e v i o u s l y  used 

by Kis temaker ,  e t  a l .  (Ref. 9 ) .  

2 . 2 . 3  Sector-magnet a n a l y z e r .  - An i o n  s o u r c e  of t h e  t y p e  s e l e c t e d  

f o r  t h i s  a p p a r a t u s  produces e l e c t r o n  e n e r g i e s  w e l l  i n  e x c e s s  of t h e  second 

i o n i z a t i o n  p o t e n t i a l s  of t h e  charge  m a t e r i a l s .  For t h a t  r e a s o n ,  t h e  i o n  

beam can be  expected t o  have a  l a r g e  number of m u l t i p l y  charged i o n s  which 

i t  i s  d e s i r a b l e  t o  e l i m i n a t e .  It  i s  a l s o  d e s i r a b l e ,  of c o u r s e ,  t o  e l i m i n a t e  

contaminants  of d i f f e r e n t  s p e c i e s .  T h i s  i s  p a r t i c u l a r l y  impor tan t  when v e r y  

h igh  t empera tu res  o r  b u f f e r  g a s e s  a r e  used i n  t h e  i o n  s o u r c e .  A magnet ic  

a n a l y z e r  of t h e  s e c t o r  type  most e a s i l y  accomplishes  t h e s e  t a s k s .  

Le t  u s  b r i e f l y  cons ider  t h e  o p e r a t i n g  p r i n c i p l e s  of sec to , r  magnet 

a n a l y z e r s .  For a  d e t a i l e d  t r e a t m e n t ,  r e f e r  t o  one of t h e  s t a n d a r d  t e x t s  

on charged p a r t i c l e  dynamics ( e . g . ,  Ref.  1 0 ) .  

A charged p a r t i c l e  moving p e r p e n d i c u l a r  t o  a  magnet ic  f i e l d  undergoes  

a  d i s p l a c i n g  f o r c e  of magnitude 

where q  i s  t h e  number of charges  c a r r i e d .  I f  we r e p l a c e d  t h e  v e l o c i t y  v  

by i t s  n o n - r e l a t i v i s t i c  e q u i v a l e n t  

and w r i t e  E i n  e l e c t r o n  v o l t s ,  w i t h  t h e  necessa ry  convers ions  of u n i t s ,  we 

g e t  



where 

R i s  t h e  r a d i u s  of c u r v a t u r e  i n  cm, 

q  i s  t h e  number of e lementa ry  c h a r g e s  c a r r i e d ,  

B i s  t h e  magnet ic  f i e l d  i n  k i l o g a u s s  

M i s  t h e  p a r t i c l e  mass i n  AMU, 

V i s  accelerating voltage in kilovolts. 

Consequently,  f o r  a  g iven  V and B ,  p a r t i c l e s  w i t h  a  d i f f e r e n t  r a t i o  

M/q w i l l  f o l l o w  d i f f e r e n t  t r a j e c t o r i e s .  A s e c t o r  magnet i s  t h e r e f o r e  i d e a l  

t o  s e p a r a t e  s i n g l y  and m u l t i p y  charged i o n s  of t h e  same s p e c i e s  and t o  

e l i m i n a t e  most i m p u r i t y  m a t e r i a l s .  

A s imple  geomet r ic  proof shows t h a t  p a r t i c l e s  of e q u a l  MLq emerging 

from a s l i t  w i t h  a  s m a l l  a n g u l a r  sp read  w i l l  be  re focused  by a  s e c t o r  

magnet, t h e  f o c u s  l y i n g  on t h e  extended l i n e  between t h e  e m i t t i n g  s l i t  and 

t h e  c e n t e r  of c u r v a t u r e .  We c o n s i d e r  t h e  c a s e  where t h e  beam a x i s  e n t e r s  

and l e a v e s  t h e  f i e l d  a t  r i g h t  a n g l e s  t o  t h e  f i e l d  boundary; f r i n g i n g  f i e l d s  

a r e  n e g l e c t e d .  F i g u r e  4 i l l u s t r a t e s  t h e  geometry. R e f e r r i n g  t o  p a r t  ( a )  of 

t h e  drawing, we s e e  t h a t  T e n t e r s  t h e  f i e l d  a t  H ,  f o l l o w s  a  c i r c u l a r  a r c  
0 

C of r a d i u s  R,  and emerges a t  J where i t  c o n t i n u e s  i n  t h e  d i r e c t i o n  z .  Now 
I 

c o n s i d e r  a n o t h e r  r a y  T , p a r a l l e l  t o  To b u t  d i s p l a c e d  by a  s m a l l  d i s t a n c e  

I I 

HH. The c e n t e r  of c u r v a t u r e  f o r  t h i s  r a y  i s  d i s p l a c e d  t o  K ,  however, s o  i t  

emerges from t h e  magnet ic  f i e l d  s e c t o r  (shaded p o r t i o n )  a t  j a f t e r  f o l l o w i n g  

a  s l i g h t l y  s h o r t e r  ( f o r  t h e  c a s e  i l l u s t r a t e d )  c i r c u l a r  a r c  C of r a d i u s  R .  



Figure 4 .  Focus ing  C a l c u l a t i o n  Geometry 



I 

Ray T t h e r e f o r e  approaches  r a y  T a t  a  s m a l l  a n g l e  6 , and e v e n t u a l l y  t h e  
0 

two i n t e r s e c t  a t  some image p o i n t  P, which i s  c h a r a c t e r i s t i c  of a  f o c u s i n g  

system. We wish t o  de te rmine  t h e  l o c a t i o n  of P  and show t h a t  i t  i s  t h e  

same ( t o  a  s m a l l  a n g l e  approximat ion)  f o r  a l l  s i m i l a r  r a y s .  R e f e r r i n g  t o  

t h e  f i g u r e ,  w e  have 

where 

I 

JJ = J P  t a n  6 

According t o  t h e  r e s t r i c t i o n  t h a t  H H( i s  s m a l l ,  8 2 d and S i s  a 

I I 

smal l  a n g l e .  T h e r e f o r e  t a n  6 : s i n  6 ,  and J J 2 H H cos  8 .  S u b s t i t u t i n g ,  

we have 
1 

H H c o s  8 = J P  s i n  6 

H H  = J P  - .  
s i n  6 cos  8 

I I 

Now c o n s i d e r  t h e  t r i a n g l e  K J K .  From t h e  law of s i n e s ,  w e  have 

Id J '  = K K'  
s i n  (180°-8) s i n  6 

I I 1 I 

But KK = HH and K J = R;  t h e r e f o r e  we have from e q u a t i o n  (8 ) :  

R - - R - - -- - J P  
s i n  ( 1 8 0 ~ - 8 )  sin 8 cos 8 

S i n c e  t h e  ang leAKJP = go0, e q u a t i o n  (11) l e a d s  t o  t h e  c o n c l u s i o n  

t h a t  P  l i e s  a t  t h e  i n t e r s e c t i o n  of t h e  o p t i c a l  a x i s  ( l i n e  J z )  and a  l i n e  

through t h e  c e n t e r  of c u r v a t u r e  K p a r a l l e l  t o  t h e  i n c i d e n t  r a y s ,  such t h a t  



LJPK = 0 .  I n  a d d i t i o n ,  we s e e  t h a t  t h i s  p o s i t i o n  i s  independent  of any 

c o o r d i n a t e s  excep t  t h o s e  of t h e  o p t i c a l  a x i s ,  s o  i t  i s  t h e  same f o r  a l l  

I 

r a y s  T. 

I f  we now add ano ther  s e c t o r  ( f i g .  4 ( b ) ) ,  and app ly  t h e  above argu-  

ments i n  r e v e r s e ,  we s e e  t h a t  t h e  r a y s  a g a i n  converge t o  a p o i n t  Po, t h e  

o b j e c t  p o i n t ,  which i s  c o l l i n e a r  w i t h  K and P .  I n  t h e  c a s e  shown, t h e  two 

p a r t s  of t h e  s e c t o r  f i e l d  a r e  n o t  e q u a l  and we have a  c o n d i t i o n  of reduced 

image s i z e  ( m a g n i f i c a t i o n  < 1 ) .  Usua l ly  t h e  s e c t o r  is  symmet r ica l ly  o r i e n t e d ,  

g i v i n g  m = 1. It  may a l s o  be shown t h a t  t h e  s h o r t e s t  p a t h  l e n g t h  from 

s o u r c e  s l i t  t o  image occurs  when they  a r e  symmetr ical ly  l o c a t e d .  We n o t e  

t h a t  t h i s  t y p e  s e c t o r  i s  f o c u s i n g  on ly  i n  t h e  p l a n e  shown, and n o t  i n  t h e  

v e r t i c a l  p lane .  

Space r e s t r i c t i o n s  and t h e  requirement  of minimizing beam p a t h  l e n g t h  

( t o  minimize l / r 2  l o s s e s )  l e d  t o  t h e  c h o i c e  of a  3" c u r v a t u r e ,  90° s e c t o r  

magnet of t h e  c o n f i g u r a t i o n  shown i n  F i g u r e  5. Focusing c o n d i t i o n s  f o r  a  

3" c u r v a t u r e  magnet a r e  g iven  i n  F i g u r e  6. The magnet i s  s p e c i f i e d  t o  

p rov ide  a t  l e a s t  1 0  k i l o g a u s s  w i t h  a 518" pole-gap spac ing .  The mechanical  

c o n f i g u r a t i o n  was b a s i c a l l y  determined by t h e  o v e r a l l  l a y o u t  of t h e  a p p a r a t u s .  

The power supply p rov ides  up t o  50 amps a t  25 v o l t s  w i t h  .01% long-term 

r e g u l a t i o n .  

It i s  a l s o  of i n t e r e s t  t o  compute t h e  approximate  mass r e s o l u t i o n  we 

would expec t  such  a  magnet t o  have.  A s  i n  an o p t i c a l  s p e c t r o m e t e r ,  t h i s  

w i l l  depend on t h e  image s i z e ,  o r  s l i t  width;  we assume l m m  = .04" s l i t s .  

I n  o r d e r  t o  be r e s o l v e d ,  an  a d j a c e n t  mass image must be s h i f t e d  a t  l e a s t  
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Figure 6 .  Fociising Ccjnditions for 3 " Sector  Magnet  



1 s l i t  wid th  i n  t h e  p l a n e  of t h e  s l i t .  The d i sp lacement  D of t h e  mass depends 

on i t s  change i n  r a d i u s  of c u r v a t u r e ,  and accord ing  t o  t h e  s imple  geometry 

of F i g u r e  7 i s  shown t o  be  approximately  2  A R. I n  o r d e r  t o  be r e s o l v e d ,  

an a d j a c e n t  mass image must be s h i f t e d  a t  l e a s t  1 s l i t  wid th  i n  t h e  p l a n e  

of t h e  s l i t ;  i . e . ,  we r e q u i r e  D = 2 A R = .04". D i f f e r e n t i a t i n g  e q u a t i o n  

( 5 ) ,  w e  have ( f o r  s i n g l y  charged p a r t i c l e s ,  q = I ) :  

Wr i t ing  i n  terms of inc rements ,  we have 

The q u a n t i t y  M/CMjS commonly c a l l e d  t h e  mass r e s o l u t i o n .  

The magnet i s  mounted on a s p e c i a l l y  des igned  platform t h a t  e n a b l e s  

i t  t o  b e  p r e c i s e l y  l o c a t e d  t o  p r o v i d e  optimum f o c u s i n g  c o n d i t i o n s  ( i n  t h a t  

way compensating f o r  f r i n g i n g  f i e l d  e f f e c t s )  and t o  be  r o l l e d  back f o r  

a c c e s s  t o  t h e  d r i f t  t u b e  and vacuum hous ing .  Magnetic s h i e l d s  (sandwiched 

N e t i c  and Cone t ic  s h e e t s )  a r e  i n s t a l l e d  t o  reduce  t h e  range  of f r i n g i n g  

f i e l d s .  They a l s o  c r e a t e  a  p h y s i c a l  b a r r i e r  t o  p r e v e n t  p e r s o n n e l  from 

coming i n  c o n t a c t  w i t h  t h e  d r i f t - t u b e ,  which o p e r a t e s  a t  a h igh  v o l t a g e .  

I n  o r d e r  t o  p r o v i d e  a n  evacuated p a t h  f o r  t h e  beam through t h e  magnet 

p o l e  gap,  a d r i f t - t u b e  was f a b r i c a t e d  by e l e c t r o f o r m i n g  copper on an  alumi- 

num mandrel ,  which was subsequen t ly  e tched  o u t .  I t  is pumped through b o t h  

end f l a n g e s ,  and has  s i g h t  p o r t s  i n  l i n e  w i t h  b o t h  e n t r a n c e  and e x i t  a x e s .  

An a d j u s t a b l e  beam s t o p  l i m i t s  t h e  accep tance  a n g l e  of t h e  a n a l y z e r  t o  

approximately  0.12 r a d i a n s  (0.06 r a d i a n  h a l f - a n g l e ) .  The d r i f t - t u b e  normal ly  



o p e r a t e s  a t  an  e l e v a t e d  p o t e n t i a l ,  s o  bo th  f l a n g e s  have t e f l o n  i n s u l a t o r s ,  

and t e f l o n  s h e e t s  p r e v e n t  c o n t a c t  w i t h  t h e  magnet p o l e  pi -eces .  

2 .2 .4  Re ta rd ing  l e n s .  - The f i n a l  i o n  energy i s  determined by t h e  

n e t  p o t e n t i a l  drop between t h e  plasma i n  which t h e  i o n s  a r e  formed and t h e  

grounded c o l l i s i o n  chamber. The p o t e n t i a l  d i s t r i b u t i o n  i n  a  plasma d i s -  

charge i s  such t h a t  t h e  plasma boundary is w i t h i n  a  few v o l t s  of t h e  anode 

p o t e n t i a l ,  t h e  d i f f e r e n c e  b e i n g  c a l l e d  t h e  "anode f a l l "  (Refs .  11, 1 2 ) .  

P o s i t i v e  i o n s  e x t r a c t e d  from t h e  plasma may t h e r e f o r e  be  assumed t o  o r i g i -  

n a t e  e s s e n t i a l l y  a t  anode p o t e n t i a l .  R e f e r r i n g  t o  F i g u r e  2,  we s e e  t h a t  t h i s  

i s  e s t a b l i s h e d  by t h e  Beam P o t e n t i a l  Power Supply,  t h e  o u t p u t  of which i s  a  

common r e f e r e n c e  p o t e n t i a l  f o r  a l l  o t h e r  i o n  s o u r c e  and l e n s  v o l t a g e s .  

Th i s  w i l l  b e  d i s c u s s e d  more f u l l y  i n  a fo l lowing  sub-sec t ion .  

The f u n c t i o n  of t h e  r e t a r d i n g  l e n s  i s  t o  p r o v i d e  some means of c o n t r o l  

over  t h e  beam t r a j e c t o r y  as i t  i s  d e c e l e r a t e d  between t h e  e x i t  a p e r t u r e s  of 

t h e  d r i f t - t u b e ,  where i t  h a s  t h e  energy impar ted t o  i t  by t h e  e x t r a c t i o n  

e l e c t r o d e ,  and t h e  e n t r a n c e  t o  t h e  grounded charge  exchange o r  c o l l i s i o n  

r e g i o n .  The geometry used i s  shown i n  F i g u r e  8. D e c e l e r a t i o n  t a k e s  p l a c e  

i n  two s t a g e s :  t h e  f i r s t  i s  between t h e  d r i f t - t u b e  e x i t  s l i t  and t h e  

e n t r a n c e  of a  f i e l d  f r e e  c y l i n d e r ,  t h e  second between t h e  c y l i n d e r  and a n  

a p e r t u r e  p l a t e  a t  ground p o t e n t i a l .  The p o t e n t i a l  of t h e  f i e l d - f r e e  r e g i o n  

i s  s e t  by one of t h e  o u t p u t s  of t h e  v o l t a g e  d i v i d e r ,  a l s o  d i s c u s s e d  later .  

It i s  a d j u s t e d  f o r  b e s t  f o c u s i n g  and c o l l i m a t i o n  of t h e  beam a s  measured by 

a  Faraday c o l l e c t o r  i n  t h e  c o l l i s i o n  r e g i o n .  The a c t i o n  of t h i s  r e t a r d i n g  

l e n s  i s  very  s i m i l a r  i n  p r i n c i p a l  t o  t h a t  d e s c r i b e d  by Neff (Ref.  13) 

excep t  t h a t  h i s  f i e l d - f r e e  r e g i o n  was main ta ined  a t  t h e  f i n a l  beam p o t e n t i a l ,  



and se rved  a s  t h e  f i r s t  element of a n  e i n z e l - l e n s  a r r a y  f o r  t h e  beam f o c u s i n g  

( s e e  F igure  8 ) .  

2 .2 .5  C o n t r o l  e l e c t r o n i c s .  - The e l e c t r o n i c  requ i rements  of t h e  i o n  

s o u r c e  and i o n  o p t i c s  system are p r i m a r i l y  f o r  power s u p p l i e s ,  i f  we i n c l u d e  

i n  t h i s  ca tegory  t h e  v o l t a g e  d i v i d e r  which p r o v i d e s  a d j u s t a b l e  b i a s  v o l t a g e s  

f o r  t h e  v a r i o u s  l e n s  e lements .  The r e l a t i o n s h i p  between t h e  i n d i v i d u a l  p a r t s  

r e q u i r e s  some e x p l a n a t i o n ,  however, i f  we a r e  t o  unders tand  t h e  o p e r a t i o n  of 

t h e  system a s  a  whole.  Reference t o  F i g u r e  2  w i l l  b e  h e l p f u l .  

We p r e v i o u s l y  mentioned t h a t  t h e  f i n a l  i o n  energy i s  determined by t h e  

p o t e n t i a l  d i f f e r e n c e  between t h e  plasma and ground. The plasma p o t e n t i a l ,  

t h e r e f o r e ,  p l a y s  a  c r i t i c a l  r o l e  and i s  used as r e f e r e n c e  l e v e l  r e l a t i v e  t o  

which a l l  o t h e r  i o n  s o u r c e  and l e n s  v o l t a g e s  a r e  e s t a b l i s h e d .  ( A c t u a l l y ,  t h e  

anode p o t e n t i a l  i s  our r e f e r e n c e ,  b u t  t h i s  i s  n e a r l y  t h e  plasma p o t e n t i a l  a s  

we have noted - s e e  2 . 2 . 4 ) .  Thus, t h e  e x t r a c t i o n  and a n a l y s i s  energy remains  

f i x e d ,  and t h e  on ly  l e n s  element r e q u i r i n g  s u b s t a n t i a l  r ead jus tment  f o r  

d i f f e r e n t  plasma p o t e n t i a l s  i s  t h e  r e t a r d i n g  l e n s  c y l i n d e r  i t s e l f .  

Except f o r  t h e  a n a l y z e r  magnet power supp ly ,  a l l  t h e  c o n t r o l  e l e c t r o n i c s  

a r e  mounted i n  an  enc losed  r e l a y  r a c k  t o  which a c  power i s  provided through a  

s a f e t y  i n t e r l o c k .  Power s u p p l i e s  f o r  t h e  i o n  s o u r c e  f i l a m e n t ,  h e a t e r ,  and 

anode-cathode p o t e n t i a l  a r e  con ta ined  i n s i d e  a  p l e x i g l a s s  and wood box b u i l t  

i n t o  t h e  r a c k .  They r e c e i v e  t h e i r  a c  power through i s o l a t i o n  t r a n s f o r m e r s ,  

and t h e i r  c a s e s  a r e  connected t o  t h e  plasma r e f e r e n c e  p o t e n t i a l .  P a r t s  of 

t h e  beam chopper ( t o  be d i s c u s s e d  i n  S e c t i o n  2 . 9 ) ,  l e n s  c o n t r o l  power supp ly  

and v o l t a g e  d i v i d e r  a l s o  f l o a t  a t  v o l t a g e s  t o  23100 V r e l a t i v e  t o  e a r t h  



/ 
- 

F o C v Z E t :  B E A M  /- 

I 
I 
t-4- ~ ' 2  L% 

Figure 7 .  Geometry for  M a s s .  Resolut ion Ca lcu l a t i on  



ground, b u t  they a r e  w e l l  i n s u l a t e d  from t h e i r  c a s e s  and a r e  mounted 

d i r e c t l y  on t h e  f r o n t  of t h e  c a b i n e t .  The plasma p o t e n t i a l  i s  e s t a b l i s h e d  

by s e t t i n g  of a  Fluke Model 405B, which can b e  set a t  any v o l t a g e  from 

0  V t o  +3100 V .  

The v o l t a g e  d i v i d e r  r e q u i r e s  some f u r t h e r  comment. It  was d e s i r e d  

t o  o b t a i n  t h e  l e n s  p o t e n t i a l s  from a  s i n g l e  power supp ly  by means of a  

v o l t a g e  d i v i d e r  network.  A t e n - s t a g e ,  t r a n s i s t o r i z e d  Kelvin-Varley 

d i v i d e r  c h a i n  w a s  des igned  and b u i l t  e x p r e s s l y  f o r  t h i s  purpose  by North- 

e a s t  S c i e n t i f i c  Corpora t ion .  F i g u r e  9 i l l u s t r a t e s  t h e  b a s i c  s t a g e  of t h e  

d i v i d e r  c h a i n  and i n d i c a t e s  how t h e  o u t p u t s  a r e  o b t a i n e d .  The advantage of 

a  t r a n s i s t o r  v o l t a g e  d i v i d e r  over  a  p u r e l y  r e s i s t i v e  one i s  t h a t  i t  can . 

p r o v i d e  a  number of independent  o u t p u t s  from a  s i n g l e ,  r e g u l a t e d  c h a i n ,  

t h u s  g i v i n g  b e t t e r  s t a b i l i t y  w i t h  lower power d i s s i p a t i o n .  U n f o r t u n a t e l y ,  

d e s p i t e  t h e  a d d i t i o n  of p r o t e c t i v e  c i r c u i t s ,  t h i s  p r o t o t y p e  u n i t  was 

s u s c e p t i b l e  t o  damage by a c c i d e n t a l  h i g h  v o l t a g e  t r a n s i e n t s  and a r c s .  For 

t h i s  r e a s o n ,  t h e  p o r t i o n  i n d i c a t e d  by t h e  l e f t -hand  b r a c k e t  on F i g u r e  9 

was r e p l a c e d  by a  c h a i n  of t e n  7500 R r e s i s t o r s .  S ince  t h a t  t ime,  however, 

h i g h  v o l t a g e  breakdown h a s  been g r e a t l y  reduced,  and i t  may b e  worth t r y i n g  

t h e  t r a n s i s t o r  c h a i n  a g a i n .  

2.2.6 O p e r a t i o n a l  d a t a .  - The o p e r a t i o n a l  t e s t s  and d a t a  f o r  t h e  i o n  

beam format ion  and c o n t r o l  p o r t i o n  of t h e  a p p a r a t u s  a r e  con ta ined  i n  t h e  

l a b o r a t o r y  notebooks provided w i t h  t h i s  r e p o r t ,  and were  thoroughly 

d i s c u s s e d  i n  Ref .  14 .  Only a  b r i e f  review w i l l  be  g i v e n  h e r e .  

The b a s i c  parameters  a f f e c t i n g  t h e  i o n  s o u r c e  and l e n s  o p e r a t i o n  a r e  
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f i l a m e n t  emiss ion ,  anode v o l t a g e ,  a x i a l  magnet ic  f i e l d ,  d i s c h a r g e  p r e s s u r e  

i n  t h e  plasma (determined by t h e  chamber t empera tu re  o r  t h e  l e a k  v a l v e  

s e t t i n g ,  depending on t h e  beam m a t e r i a l ) ,  e x t r a c t i o n  gap,  e x t r a c t i o n  v o l t a g e ,  

and l e n s  e l e c t r o d e  p o t e n t i a l s .  The angu la r  o r i e n t a t i o n  of t h e  l e n s  i s  a l s o  

impor tan t  f o r  e f f i c i e n t  i n j e c t i o n  of t h e  beam i n t o  t h e  a n a l y z i n g  f i e l d .  A l l  

t h e  o p e r a t i n g  paramete rs ,  magnet ic  f i e l d  i n c l u d e d ,  a r e  observed t o  b e  g r e a t l y  

i n t e r d e p e n d e n t ,  s o  an  i t e r a t i v e  adjus tment  t e c h n i q u e  most s u c c e s s f u l l y  maxi- 

mizes  t h e  beam th roughput .  I t  should b e  no ted  t h a t  t h e  focused beam c u r r e n t  

i s  n o t  maximum a t  t h e  s e t t i n g s  which g i v e  t h e  most plasma c u r r e n t .  I n  

p a r t i c u l a r ,  t h e  former g e n e r a l l y  peaks a t  t h e  minimum s o l e n o i d  f i e l d  and 

plasma p r e s s u r e  f o r  which a  plasma can b e  main ta ined .  Condi t ions  do n o t  

change g r e a t l y  from one c h a r g e  m a t e r i a l  t o  a n o t h e r ,  however. 

T y p i c a l  beam c u r r e n t  d a t a  f o r  a n  Ar' beam e x t r a c t e d  and ana lyzed  a t  

2keV a r e  g iven  i n  Tab le  1. No s l i ts  were used on t h e  magnet ic  a n a l y z e r  

f o r  t h e s e  measurements, e x c e p t w h e r e n o t e d .  Some of t h e  d a t a  were t a k e n  w i t h  

a  s p e c i a l l y  c o n s t r u c t e d  d e t e c t o r  a r r a y  d e s c r i b e d  i n  Ref.  14 .  

The d a t a  were ,  of c o u r s e ,  t aken  a t  d i f f e r e n t  t imes  because  t h e  s e t u p  

had t o  be  changed when t h e  a n a l y z e r  was i n s t a l l e d  and when t h e  s l i t s  were  

changed. N e v e r t h e l e s s ,  i t  i s  remarkable  how s m a l l  t h e  l o s s e s  a r e  i n  t h e  

magnet ic  a n a l y z e r .  

Mass s c a n s  were used t o  e s t i m a t e  t h e  r e s o l u t i o n  of t h e  mass a n a l y z e r .  

When a  temporary 2mm wide s l i t  was i n  p l a c e ,  i t  was p o s s i b l e  t o  s e p a r a t e  

~r~~ from A r 4 0 .  The n a t u r a l  abundances of t h e s e  i s o t o p e s  a r e  i n  t h e  r a t i o  

of 1:320, i n d i c a t i n g  a  r e s o l u t i o n  c e r t a i n l y  g r e a t e r  t h a n  10 .  A f t e r  t h e  1 



TABLE I 

T v ~ i c a l  Beam Performance Data 

Charge m a t e r i a l :  Argon gas  

Flow r a t e  s e t t i n g  (Granv i l l e -Ph i l l i p s  v a l v e ) :  133 (near  
min. r equ i r ed  t o  s u s t a i n  a  plasma d ischarge)  

Anode vo l t age :  76V 

Anode cu r r en t :  1 . O A  

Solenoid c u r r e n t  : 1. OA 

~ x t r a c t i o n / a n a l y s i s  vo l t age :  2kV 

Analyzer f i e l d :  5 .3  k i logauss  

Ex t r ac t i on / focus ing  l e n s :  set f o r  maximum 

T o t a l  e x t r a c t e d  cu r r en t :  25 WA 

Current  through 10 mrn x  2 mm s l i t  a t  focus  of l e n s :  
= 4 - 8 u A  

Current  ( ~ r + )  through 10 mm x 2 mm s l i t  a t  e x i t  of ana lyzer :  - 7 u A  

F r a c t i o n  of above (#11) w i t h i n  .05 r a d i a n  ha l f -angle  of 
divergence:  - 60% 

Curren t  ( ~ r + )  through 1 mm wide s l i t  a t  e x i t  of ape r tu re :  
- 2 - 3 u A  



mm wide e x i t  s l i t  was i n s t a l l e d ,  i t  was easy  t o  r e s o l v e  masses  a t  56AMU and 

58AMU ( t h e  p r i n c i p a l  i s o t o p e s  of i r o n  and n i c k e l ) .  Th i s  g i v e s  a  r e s o l u t i o n  

R > 28. - 

The s p e c i a l  d e t e c t o r  a r r a y ,  r e f e r r e d  t o  above, was a l s o  used t o  i n v e s t i - -  

g a t e  t h e  p r o p e r t i e s  of t h e  r e t a r d i n g  l e n s .  The beam could b e  slowed from 

2keV t o  about  100 eV w i t h  l i t t l e  o r  no l o s s  of i n t e n s i t y .  The beam d i v e r g -  

ence was somewhat a f f e c t e d ,  however, and depended s t r o n g l y  on t h e  r e t a r d i n g  

l e n s  s e t t i n g .  For any g i v e n  energy i t  was p o s s i b l e  t o  make t h e  beam p r a c t i c - -  

a l l y  p a r a l l e l  b u t  accompanied by some l o s s  of i n t e n s i t y .  The r e t a r d i n g  l e n s  

must b e  s e t  e m p i r i c a l l y .  

2 .3  Charge Exchange P r o d u c t i o n  of N e u t r a l  Beams 

A s imple  charge-exchange p r o c e s s  i s  used t o  n e u t r a l i z e  t h e  f a s t  i o n  

beam, the reby  forming a  beam of f a s t  n e u t r a l  atoms o r  molecu les .  The i o n  

beam i s  passed through a  chamber c o n t a i n i n g  a  n e u t r a l  g a s  o r  vapor  of t h e  

same s p e c i e s ,  f o r  which t h e  c r o s s - s e c t i o n  f o r  e l e c t r o n  exchange i s  h i g h .  

The exchange p r o c e s s  i n v o l v e s  l i t t l e  momentum t r a n s f e r  (Ref.  1 5 ) ,  s o  t h e  

n e u t r a l  beam t h u s  produced h a s  t h e  same energy and d i r e c t i o n  a s  t h e  o r i g i n a l  

i o n  beam. R e s i d u a l  i o n s  a r e  swept o u t  by e l e c t r o s t a t i c  d e f l e c t i n g  p l a t e s .  

The chamber and a n a l y s i s  i s  based on t h o s e  d e s c r i b e d  by U t t e r b a c k  and M i l l e r  

(Ref.  1 6 ) .  

2 . 3 . 1  CEX chamber. - A h o r i z o n t a l  c r o s s - s e c t i o n a l  view of t h e  charge- 

exchange (CEX) chamber i s  shown i n  F i g u r e  10.  I t  mounts on a  d o v e t a i l  s l i d e  

a s  p a r t  of a  pre-a l igned assembly which a l s o  i n c l u d e s  t h e  r e t a r d i n g  l e n s  and 

t h e  mass a n a l y z e r  e x i t  s l i t .  The e n t i r e  assembly may be  t r a n s l a t e d  i n  a 
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h o r i z o n t a l  d i r e c t i o n  from o u t s i d e  t h e  vacuum sys tem.  

The beam a p e r t u r e s  must be  k e p t  a s  s m a l l  as p o s s i b l e  t o  p r e v e n t  t o o  

much g a s  f low f o r  t h e  pumps t o  hand le ,  b u t  n o t  s o  s m a l l  a s  t o  s e v e r l y  l i m i t  

t h e  beam c u r r e n t .  The e n t r a n c e  and e x i t  s l i t  dimensions  a r e  2 . 1  mm x 1 0  mm 

and 1 . 3  mm x  8 . 1  mm r e s p e c t i v e l y .  The e n t r a n c e  s l i t  s e r v e s  a s  one of t h e  

c o l l i m a t i n g  s l i t s  f o r  t h e  beam through t h e  c o l l i s i o n  r e g i o n .  T h i s  is  

d i s c u s s e d  f u l l y  i n  2 .5 .1 .  

The d e f l e c t i n g  p l a t e s  a r e  des igned t o  c o l l e c t  t h e  t o t a l  i o n  c u r r e n t  

emerging from t h e  CEX chamber e x i t  s l i t .  The beam d i sp lacment  i s  g i v e n  

where 

d  = disp lacement  from i n i t i a l  a x i s  w h i l e  w i t h i n  l e n g t h  L 

L = l e n g t h  of d e f l e c t i n g  f i e l d  

V = d e f l e c t i n g  v o l t a g e  

h  = d i s t a n c e  between d e f l e c t i n g  p l a t e s  

q = i o n  charge  ( i n  u n i t s  of e )  

E = i o n  energy ( i n  eV) 

Note t h a t  t h i s  is  independent  of t h e  i o n  mass.  The e x i s t i n g  geometry 

has  L = 1 . 5  cm, h  = 0.25 cm, and t h e  r e q u i r e d  minimum displacement  is h / 2 .  

The d e f l e c t i n g  v o l t a g e  r e q u i r e d  t o  c o l l e c t  a  s i n g l y  charged beam a t  2000 

eV i s  t h e n  

V - > 2 ~ h ~  = 111 v o l t s  . 
4  L L  



For h i g h e r  e n e r g i e s  a  p r o p o r t i o n a t e l y  h i g h e r  d e f l e c t i n g  v o l t a g e  would be 

r e q u i r e d .  I n  t h e  p r e s e n t  s e t u p ,  V = 126 v o l t s  a s  provided by t h r e e  42 v o l t  

b a t t e r i e s  i n  s e r i e s .  

The drawing shows t h e  arrangement f o r  supp ly ing  t h e  exchange g a s  and 

f o r  measuring i t s  p r e s s u r e  w i t h  a  c a p a c i t a n c e  manometer. 

2.3.2 Computation of n e u t r a l  beam i n t e n s i t y .  - We wish t o  d e r i v e  a  

formula g i v i n g ,  i n  terms of measurable  q u a n t i t i e s ,  t h e  n e u t r a l  beam i n t e n s i t y  

pass ing  through t h e  c o l l i s i o n  r e g i o n  d u r i n g  t h e  exper iment .  The method is  

based on t h a t  of U t t e r b a c k  and Miller (Ref.  1 6 ) .  We make t h e  assumptions  

t h a t  charge  t r a n s f e r  and s c a t t e r i n g  a r e  u n r e l a t e d  p r o c e s s e s ,  and t h a t  t h e  

s c a t t e r i n g  of f a s t  n e u t r a l s  and f a s t  i o n s  i s  e s s e n t i a l l y  t h e  same. 

L e t  B r e p r e s e n t  t h e  f r a c t i o n  of e n t e r i n g  i o n s  which undergo charge- 

exchange and io e q u a l  t h e  emerging i o n  beam c u r r e n t  - i f  no exchange had 

occur red  ( i .  e . ,  i f  B = 0).  Then t h e  emerging n e u t r a l  beam i n t e n s i t y  

( e q u i v a l e n t  c u r r e n t ,  corresponding t o  0.624 x 1019 p a r t i c l e s  p e r  ampere) i s  

W e  must c a l c u l a t e  B and io i n  t e r m s  of measurable  q u a n t i t i e s .  Three  

c u r r e n t  measurements a r e  r e q u i r e d :  

1. il = i o n  c o l l e c t o r  c u r r e n t ,  due t o  i o n s  p a s s i n g  through t h e  

exchange chamber. 

2. i2 = o u t e r  cup c u r r e n t ,  due t o  i o n s  undergoing e l a s t i c  s c a t t e r i n g  

w i t h o u t  exchange and i o n s  n o t  w e l l  enough c o l l i m a t e d  t o  p a s s  

through t h e  e x i t  s l i t .  The cup i s  b i a s e d  a  few v o l t s  p o s i t i v e  t o  



preven t  t h e  the rmal  v e l o c i t y  i o n s  produced by charge-exchange 

from be ing  c o l l e c t e d  t h e r e .  The e l e c t r o d e  behind t h e  e n t r a n c e  

s l i t  i s  a l s o  main ta ined  a t  t h e  cup p o t e n t i a l ,  b u t  n o t  connected 

t o  i t ,  t o  p r e v e n t  slow i o n s  from m i g r a t i n g  t o  t h e  e n t r a n c e  s l i t .  

3 .  i3 = g r i d  c u r r e n t ,  corresponding t o  a l l  s low i o n s  produced by 

exchange i n  t h e  CEX chamber. F a s t  i o n s  c o l l e c t e d  by t h e  g r i d  

a r e  n e g l i g i b l e  because  of i t s  s m a l l  s o l i d  a n g l e .  

The t o t a l  c u r r e n t  e n t e r i n g  t h e  exchange chamber i s  t h e  sum il + i2 + 
i3, and 13 i s  e v i d e n t l y  

We can now r e l a t e  i0 t o  t h e  emerging c u r r e n t  il: 

T h e r e f o r e ,  s u b s t i t u t i n g  (16) and (17) i n t o  e q u a t i o n  ( 1 5 ) ,  

One more m a n i p u l a t i o n  i s  n e c e s s a r y  t o  g e t  t h e  n e u t r a l  beam i n t e n s i t y  

p a s s i n g  through t h e  c o l l i s i o n  chamber where exper iments  a r e  performed. The 

q u a n t i t y  B r e p r e s e n t s  t h e  n e u t r a l  p a r t i c l e s  emerging from t h e  CEX chamber. 

Many of t h e s e  a r e  l o s t  on t h e  e n t r a n c e  s l i t  of t h e  c o l l i s i o n  r e g i o n ,  which 

i s  t h e  second c o l l i m a t i n g  a p e r t u r e .  S i n c e  t h e  d i s t r i b u t i o n  of emerging 

f a s t  n e u t r a l  p a r t i c l e s  and i o n s  i s  t h e  same ( a  consequence of having n e g l i -  

g i b l e  momentum t r a n s f e r  d u r i n g  exchange) ,  t h e  f r a c t i o n  of B r e t a i n e d  is t h e  



same a s  t h e  f r a c t i o n  of i o n s  r e t a i n e d  when they a r e  a l lowed t o  p a s s  unde- 

f l e c t e d  i n t o  t h e  c o l l i s i o n  r e g i o n  when no exchange g a s  i s  p r e s e n t .  There- 

f o r e  we have a  n e u t r a l  beam i n t e n s i t y  g iven  by 

N = 0.624 x  1019 x  B i, p a r t i c l e s / s e c  
amp e r e  

where iF is  t h e  c u r r e n t  measured a t  t h e  c o l l i s i o n  r e g i o n  Faraday cup, and 

i i s  t h e  t o t a l  c u r r e n t  emerging from t h e  CEX chamber. T  

2 .3 .3  O p e r a t i o n a l  d a t a .  - Data  t a k e n  t o  check t h e  performance of t h e  

charge-exchange chamber and measurement equipment a r e  con ta ined  i n  t h e  l ab-  

o r a t o r y  notebooks provided w i t h  t h i s  r e p o r t .  T y p i c a l  d a t a ,  from which w e  

may compute t h e  n e u t r a l  beam i n t e n s i t y  and exchange e f f i c i e n c y  a r e  g i v e n  i n  

Tab le  11. 

W e  u s e  e q u a t i o n s  (18) and (19) t o  compute t h e  e q u i v a l e n t  n e u t r a l  

beam c u r r e n t  from t h e  d a t a  of Tab le  I1 ( c u r r e n t  il must be  c o r r e c t e d  f o r  

secondary e l e c t r o n  c u r r e n t  g i v e n  as i4 i n  t h e  t a b l e  - see S e c t i o n  2 . 4 . 2 ) :  

For comparison, we can u s e  t h e  bolometer s i g n a l  and i ts  c a l i b r a t e d  

r e s p o n s i v i t y  t o  compute t h e  i n c i d e n t  c u r r e n t .  We assume an  accomodation 

c o e f f i c i e n t  of 1. The bolometer  r e s p o n s i v i t y  ( i n  a  b r i d g e  c i r c u i t )  i s  

approximately  162 v o l t s / w a t t .  We t h e r e f o r e  compute a n  i n p u t  power: 

i n c i d e n t  power = 4 .4  mV :- 165 v o l t s / w a t t  = 27 u w a t t s .  

The power i s  provided by p a r t i c l e s  having 900 eV energy ,  s o  t h e i r  e q u i v a l e n t  



TABLE I1 

N e u t r a l  B e a m  Measurements 

System: (900 eV) + N2 + N (900 eV) + N ~ '  
N2 2 

Curren t  through CEX chamber (no c o l l i s i o n  g a s ) :  470 nA 

Curren t  i n t o  Faraday cup (no c o l l i s i o n  g a s ) :  210 nA 

Exchange gas  p r e s s u r e :  1.1 y Hg 

Bolometer b i a s  v o l t a g e :  550 V 

Bolometer o u t p u t  ( c o r r e c t e d  f o r  a m p l i f i e r  g a i n s ) :  4.4 mV 



c u r r e n t  i s  

27 y w a t t s /  900 V = 29.6 nA, 

which i s  in satisfactory agreement with the current calculated from CEX e l ec -  

trode currents s ince the bolometer does not subtend the whole beam. 

The bolometer  ou tpu t  was a l s o  p l o t t e d  a s  a  f u n c t i o n  of exchange g a s  

p r e s s u r e ,  and shown t o  reach  a  s a t u r a t i o n  v a l u e  a t  about  1 . 5  y Hg. At 

p r e s s u r e s  s u b s t a n t i a l l y  h i g h e r  t h a n  t h i s  ( "  3 y  Hg), t h e  bolometer  o u t p u t  

f a l l s  o f f  , presumably because  t h e  beam i s  a t t e n u a t e d  by s c a t t e r i n g  o u t s i d e  

t h e  CEX chamber. 

2 .4  Measurement of Beam I n t e n s i t i e s  

T h i s  s e c t i o n  covers  t h e  s i g n a l  d e t e c t i o n  and p r o c e s s i n g  equipment 

used t o  measure and moni tor  t h e  a b s o l u t e  i n t e n s i t i e s  of t h e  i o n  and n e u t r a l  

beams. P a r t i c u l a r  a t t e n t i o n  w i l l  b e  p a i d  t o  t h e  s p e c i a l  e l e c t r o n i c  equip-  

ment b u i l t  t o  accomplish t h e s e  t a s k s .  

2 . 4 . 1  Ion beams. - The pr imary i o n  c u r r e n t  through t h e  c o l l i s i o n  

r e g i o n  i s  c o l l e c t e d  by a  Faraday cup. Secondary e l e c t r o n s  a r e  p reven ted  

from l e a v i n g  t h e  cup by an  e n t r a n c e  a p e r t u r e  b i a s e d  a  few v o l t s  ( 15V) 

n e g a t i v e .  The c o l l e c t e d  i o n  c u r r e n t  must e v e n t u a l l y  complete a  c i r c u i t  t o  

i t s  s o u r c e ,  and c a r e  i s  taken  t o  see t h a t  t h i s  i s  done through a  s p e c i a l  

r e t u r n  l i n e  -- a h i g h - q u a l i t y  ground. S i g n a l  p r o c e s s i n g  i s  done a s  

f o l l o w s .  

The cup c u r r e n t ,  and a l s o  t h e  c u r r e n t s  from 6 o t h e r  c o l l i s i o n  chamber 

e l e c t r o d e s ,  a r e  c a r r i e d  through a  s h i e l d e d  c a b l e  t o  a  s p e c i a l l y  des igned  NIM-  

b i n  module t h a t  performs two b a s i c  f u n c t i o n s :  (1) F i r s t ,  i t  s e r v e s  a s  a 



junction box for a l l  the currents,  enabling any combination of them to be 

shunted directly to the high-quality ground, grounded through bias voltage 

suppl ies ,  shunted through a pair of monitor terminals (connected to  an 

electrometer, for example) or applied to  the input of an amplifier that 

constitutes i t s  second function. (2) I t  incorporates an operational ampli- 

f ier  system, used a s  a dc-coupled current-to-voltage transducer, that pro- 

vides an output suitable to drive a Princeton Applied Research model CW-1 

Boxcar Integrator, where the currents are monitored and recorded. 

4 
The amplifier has  calibrated gain ranges from 10-I to  10 m ~ / n ~  in 

decade s t eps ,  and a range multiplier with x l ,  x10, x100, and xlOOO positions. 

The range multiplier i s  not necessary,  and i s  normally used in the xl  posi- 

tion. Higher multiplication factors affect the rise-time and thermal 

stability adversely. In the x l  position, the equivalent noise current a t  
-1 2 4 

the input i s  ;=: 10 A. At the highest gain normally u sed ,  10 m~/n.A x 1, 
-12 

a 10 A signal would give 5% of full sca le  deflection on the most sens i -  

tive sca le  of the Boxcar Integrator. Drawing SK-120-3 32 7 i s  a logic diagram 

of this un i t ,  and its wiring layout is given in SK-120-3326. A detailed 

description of i t s  operation i s  given in Appendix B. 

2.4.2 Neutral Beams. - Neutral beam intensity can be measured or 

monitored in two ways - (a) by measuring CEX currents and using equation 

(18), or (b) by a bolometer system which directly detects  the kinetic energy 

of the neutral beam. 

(a) Current measurements: 

Drawing SK-120-3329 i s  a schematic diagram of the system 

built to measure the currents from the CEX electrodes and to  



p r o v i d e  t h e  r e q u i r e d  b i a s  v o l t a g e s .  I t  i s  a  s e l f - c o n t a i n e d ,  

b a t t e r y  powered u n i t .  Four i d e n t i c a l ,  FET i n p u t ,  o p e r a t i o n a l  

a m p l i f i e r  channe l s  measure t h e  c u r r e n t s  il, i2, i3 and t h e  

secondary e l e c t r o n  c u r r e n t  p icked  up by t h e  p o s i t i v e  d e f l e c t o r  

p l a t e .  The l a s t  i s  n o t  r e a l l y  n e c e s s a r y ,  s i n c e  i t s  i n p u t  could  

b e  added t o  t h e  channel  1 ( c u r r e n t  i l )  i n p u t ,  the reby  p r e c i s e l y  

c a n c e l l i n g  t h e  secondary e l e c t r o n  c o n t r i b u t i o n .  

Each channel  c o n s i s t s  of a  F a i r c h i l d  C o n t r o l s  model ADO-39 

o p e r a t i o n a l  a m p l i f i e r  w i t h  a p r e c i s i o n  1 Meg feedback r e s i s t o r  

g i v i n g  a g a i n  convers ion  f a c t o r  of lV/yA. A . O 1  yf bypass  

c a p a c i t o r  l i m i t s  t h e  h i g h  f requency  r e s p o n s e  and s t o p s  a ten-  

dency t o  o s c i l l a t e .  The i n p u t  i s  coupled through a  1K c u r r e n t -  

. l i m i t i n g  r e s i s t o r ,  and back-to-back d i o d e s  a c r o s s  t h e  i n p u t g i v e  

p r o t e c t i o n  a g a i n s t  h igh  v o l t a g e  t r a n s i e n t s .  Each channe l  i s  

decoupled from t h e  + 10.7V b a t t e r y  s u p p l i e s  by an  RC c i r c u i t ,  

t o  p r e v e n t  power l i n e  c ross -coupl ing  between channe l s .  

B i a s  v o l t a g e s  f o r  t h e  o u t e r  cup and s l i t  e l e c t r o d e s  a r e  

p rov ided  by i d e n t i c a l ,  p o t e n t i o m e t e r  tapped 42V b a t t e r i e s ;  

t h e  d e f l e c t i n g  v o l t a g e  i s  s u p p l i e d  by a f i x e d  126V b a t t e r y  

pack.  B i a s  v o l t a g e s  a r e  a t  ground p o t e n t i a l  when t h e i r  

s w i t c h e s  a r e  i n  t h e  "off"  p o s i t i o n s .  

The a m p l i f i e r  o u t p u t s  may b e  observed on a n  o s c i l l o s c o p e  

o r  a p p l i e d  t o  t h e  boxcar i n t e g r a t o r  i n p u t  a f t e r  a d d i t i o n a l  

a m p l i f i c a t i o n  t o  i n c r e a s e  t h e  v o l t a g e  s i g n a l  t o  0.1V o r  

h i g h e r .  

Bolometer measurements: 



The u s e  of a  bolometer  t o  d e t e c t  molecu la r  beams was 

f i r s t  d e s c r i b e d  by Jordan  and Amdur (Ref.  1 7 ) .  The bolometer  

c o n s i s t s  of two matched t h e r m i s t o r  f l a k e s  c a r e f u l l y  mounted on 

s a p p h i r e  b l o c k s  i n  a  common housing.  One s e r v e s  a s  t h e  d e t e c t o r ,  

o r  a c t i v e ,  f l a k e  and t h e  o t h e r  i s  s h i e l d e d  and s e r v e s  a s  a 

compensator. They a r e  normal ly  used a s  IR r a d i a t i o n  d e t e c t o r s ,  

b u t  s i n c e  t h e i r  mode of response  i s  a  t h e r m a l l y  induced 

r e s i s t a n c e  change,  t h e y  can be  used t o  d e t e c t  any p r o c e s s  t h a t  

causes  s u f f i c i e n t  power t o  b e  d e p o s i t e d  i n  t h e  a c t i v e  f l a k e .  

Two such  bolometers  were o rdered :  one from Barnes Engi- 

n e e r i n g  Company and one from Servo Corpora t ion  of America. The 

Barnes bolometer  was burned o u t  i n  an  e a r l y  t e s t .  The Servo 

bolometer is  now i n s t a l l e d .  Its b a s i c  s p e c i f i c a t i o n s  a r e  

g iven  i n  Tab le  111. 

Complete d e s c r i p t i v e  i n f o r m a t i o n  and s p e c i f i c a t i o n s  can 

be  ob ta ined  from t h e  manufac tu re r .  

I f  o t h e r  s o u r c e s  of n o i s e  and i n t e r f e r e n c e  are k e p t  s m a l l  

( a  low n o i s e  b i a s  supp ly  and s i g n a l  a m p l i f i e r  a r e  r e q u i r e d ) ,  

i t  shou ld  b e  p o s s i b l e  t o  d e t e c t  s i g n a l s  of t h e  s i z e  of t h e  

N.E.P., s a y  l o s 9  w a t t s .  T h i s  cor responds  t o  a  beam of 0 . 1  nA 

a t  lOeV i n c i d e n t  on t h e  2 . 5  mrn2 a c t i v e  f l a k e .  The d a t a  g i v e n  

i n  2 .3 .3  i n d i c a t e  t h a t  we indeed approach t h i s  s e n s i t i v i t y .  

Such a s m a l l  s i g n a l  would g i v e  a  response  a t  t h e  a m p l i f i e r  

i n p u t  of abou t  0.1pV. High g a i n  i s  t h e r e f o r e  r e q u i r e d  t o  

produce a  r e c o r d a b l e  o u t p u t .  

The bolometer  sys tem e l e c t r o n i c s  a r e  shown i n  drawing 



TABLE I11 

Bolometer S p e c i f i c a t i o n s  

F l a k e  s i z e  = 1 mm x 2 .5  mm 

F l a k e  r e s i s t a n c e  ( a c r o s s  1 m m  dimension) = 1 . 2  Med ohm 

Time c o n s t a n t  = 4 .0  m i l l i s e c .  

Opera t ing  b i a s  = 275 v o l t s / f l a k e ,  max. 

N.E.P. = 6 x 10- lo  w a t t s  (1 Hz bandwidth a t  1 5  H Z  
chopping r a t e ) . *  

Respons iv i ty  = 325 v o l t s / w a t t . *  

* N.E.P. and r e s p o n s i v i t y  a r e  h a l f  t h e s e  v a l u e s  i n  a  b r i d g e  c i r c u i t .  



SK-120-3330. A low-noise,  h igh  g a i n  (40 db) a m p l i f i e r  is 

mounted i n s i d e  t h e  vacuum system a s  c l o s e  a s  p o s s i b l e  t o  t h e  

bolometer .  An e x t e r n a l  c o n t r o l  box c o n t a i n s  a  10 .7  V b a t t e r y  

supp ly  f o r  t h e  a m p l i f i e r  and an  RC r i p p l e  f i l t e r  f o r  t h e  b i a s  

supp ly .  It a l s o  s e r v e s  as a j u n c t i o n  box f o r  t h e  s i g n a l s ,  

i n c l u d i n g  t h e  Faraday cup o u t p u t .  S e p a r a t e  power and s i g n a l  

r e t u r n  l e a d s  a r e  used t o  p reven t  power l i n e  d rops  i n  t h e  

c a b l e  from appear ing  on t h e  s i g n a l  channel .  B ias  must b e  

provided by a  w e l l - f i l t e r e d ,  s t a b l e  supp ly  (Fluke model 412B 

o r  e q u i v a l e n t ) .  Caut ion must be  e x e r c i s e d  when a p p l y i n g  t h e  

b i a s  v o l t a g e :  P o l a r i t y  must be observed and power a p p l i e d  

i n  increments  n o t  exceeding 100V, o r  t h e  a m p l i f i e r  may b e  

damaged. Maximum b i a s  v o l t a g e  f o r  t h e  Servo bolometer i s  

-550V. 

The a m p l i f i e r  o u t p u t  may be  observed on an  o s c i l l o s c o p e  

o r ,  a f t e r  f u r t h e r  a m p l i f i c a t i o n ,  r ecorded  by t h e  boxcar 

i n t e g r a t o r  o r ,  p r e f e r a b l y ,  a  lock- in  a m p l i f i e r .  

2.5 I n t e r a c t i o n  Regions 

Two i n t e r a c t i o n  r e g i o n s  were b u i l t ,  t h e  f i r s t  having been des igned  f o r  

ion-gas c o l l i s i o n s ,  t h e  second f o r  ion-and n e u t r a l - g a s  c o l l i s i o n s .  They a r e  

much t h e  same, excep t  t h e  second one can b e  a l i g n e d  w i t h  t h e  beam from out-  

s i d e  t h e  vacuum system and h a s  i n t e r c h a n g a b l e  d e t e c t o r s  - e i t h e r  a  Faraday 

cup o r  t h e  bolometer  may b e  used .  It a l s o  has  e a s i e r  a c c e s s  f o r  o p t i c a l  

a l ignment  purposes .  Only t h e  second system w i l l  be  d i s c u s s e d  i n  t h i s  

s e c t i o n ,  and t h e  major d i f f e r e n c e s  w i l l  b e  po in ted  o u t .  



2 .5 .1 .  De te rmina t ion  of s l i t  s i z e s .  - Reasons f o r  s e l e c t i n g  t h e  

v a r i o u s  s l i t  s i z e s  a r e  g iven  i n  d e t a i l  i n  t h e  l a b o r a t o r y  notebooks provided 

w i t h  t h i s  r e p o r t .  We on ly  sumarize  t h e  c a l c u l a t i o n  and r e s u l t s  h e r e .  

The geometry f o r  t h e  f i n a l  s t a g e s  of beam t r a j e c t o r y  i s  i n d i c a t e d  i n  

F i g u r e  11 (we c o n s i d e r  sp read ing  on ly  i n  t h e  p l a n e  p e r p e n d i c u l a r  t o  t h e  

narrow s l i t  dimension) .  W e ' d e s i r e  t o  c o l l i m a t e  t h e  beam such t h a t  a l l  

p a r t i c l e s  e n t e r i n g  t h e  c o l l i s i o n  r e g i o n  through w2 a l s o  p a s s  through w3, and 

t o  do t h i s  i n  s u c h  a  way t h a t  t h e  beam i s  maximum. A c o l l i m a t i n g  s l i t  up- 

s t ream from w i s  r e q u i r e d .  W e  s e l e c t  t h e  e n t r a n c e  s l i t  of t h e  CEX chamber, 
2  

wl, t o  s e r v e  t h i s  purpose  s i n c e  i t  must be  s m a l l ,  anyway, t o  r e s t r i c t  g a s  

f low.  Beam t r a j e c t o r i e s  a r e  cons idered  t o  be  s t r a i g h t  l i n e s  a f t e r  emerging 

from wR, t h e  e x i t  s l i t  of t h e  r e t a r d i n g  l e n s .  We assume t h a t  t h e  r e t a r d i n g  

l e n s  forms a n  image of w on w , where w0 i s  t h e  e x i t  s l i t  ( focus )  of t h e  
0  1 

a n a l y z e r  f i e l d ,  from which t h e  beam emerges a t  energy Eo w i t h  d i v e r g e n c e  eO.  

The image wid th  w depends on t h e  p r o p e r t i e s  of t h e  r e t a r d i n g  l e n s .  The 
i 

energy a f t e r  r e t a r d a t i o n  i s  E t h e  d i v e r g e n c e  e l .  
1 ' 

The maximum beam i s  ob ta ined  i f  we c o l l e c t  t h e  e n t i r e  o b j e c t ,  w i d t h  

wO, over  i t s  e n t i r e  f i e l d  8 o r  e q u i v a l e n t l y ,  wi over i t s  f i e l d  el .  We can 
0  ' 

w r i t e  t h e  f o l l o w i n g  e x p r e s s i o n s  f o r  t h e  f r a c t i o n  of t h e  i o n s  c o l l e c t e d  ( r e c a l l  

t h a t  we t r e a t  s p r e a d i n g  i n  one p l a n e  o n l y ) :  

F r a c t i o n  of image t r a n s m i t t e d  : w, , b u t  n o t  g r e a t e r  t h a n  1. 

i 

F r a c t i o n  of a n g l e  c o l l e c t e d  - w2/LL . 
e 
1 

F r a c t i o n  of t o t a l  c u r r e n t  c o l l e c t e d  F  - w, w 7 





In ion optics the beam velocity, or JE i s  analogous to the refractive 

index in  light optics.  Therefore the Abbe s ine condition for ion optics is: 

w o  E ~ %  s i n  0, = wi E~ )i s i n  e l  

Using s m a l l  a n g l e  approx imat ions ,  we now have 

which is  t o  be  maximized. 

It i s  r e a d i l y  s e e n ,  from s i m i l a r  t r i a n g l e s  ( F i g u r e  l l ) ,  t h a t  c o l l i m a t i o n  

is  j u s t  a t t a i n e d  when 

I f  we s u b s t i t u t e  (23) i n t o  ( 2 2 ) ,  and a l s o  l e t  t h e  parameter  5 b e  d e f i n e d  

which i s  t o  b e  maximized. 

I t  i s  now n e c e s s a r y  t o  make some o b s e r v a t i o n s  about  t h e  q u a n t i t i e s  appear-  

i n g  i n  e q u a t i o n  (25) .  The e n e r g i e s  El and Eo a r e  determined by t h e  e x p e r i -  

ment b e i n g  done a t  any p a r t i c u l a r  t ime,  and a r e  n o t  a v a i l a b l e  f o r  ad jus tment  



t o  maximize F. S i m i l a r l y ,  wo and Bo were p r e v i o u s l y  determined by t h e  mass 

a n a l y z e r  requ i rements .  For reasons  n o t  y e t  d i s c u s s e d  ( s e e  S e c t i o n  2 . 6 ) ,  t h e  

l e n g t h  L2 and maximum wid th  w of t h e  i n t e r a c t i o n  r e g i o n  are r e s t r i c t e d ,  3 

and we t a k e  

L2 = 25 mm. 

We have l e f t  on ly  t h e  pa ramete r  a and wid th  w t o  a d j u s t  f o r  maximized beam. 
2 

We t h e r e f o r e  have 

and 

Equat ion (27) g i v e s  t h e  r e s u l t  

S u b s t i t u t i n g  (28) i n  (23) g i v e s  

and of course  w e  had e q u a t i o n  (24) g i v i n g  L1 = aL2. We have t h e r e f o r e  ex- 

p r e s s e d  our  t h r e e  undetermined c o l l i m a t i o n  dimensions i n  terms of t h e  par-  

ameter a. I f  we s u b s t i t u t e  (28) i n  ( 2 6 ) ,  we f i n d  t h a t  we would l i k e  t o  

have a = . We must t h e r e f o r e  b e  s a t i s f i e d  w i t h  t h e  l a r g e s t  v a l u e  o f  a 

t h a t  l e a d s  t o  a c c e p t a b l e  dimensions from o t h e r  v iewpoin t s .  We do n o t  l o s e  

s t r o n g l y  f o r  v a l u e s  as  low a s  a = 2 ,  and t h e  maximization is  n o t  v a l i d ,  

anyway, i f  wi < w 
1' 

Again, r e f e r r i n g  t o  F i g u r e  11, w e  s e e  t h a t  L = 4 %" 
1 l e a v e s  adequa te  

room f o r  a CEX chamber and g i v e s  a = 4.25. Th is  dimension i s  compat ib le  w i t h  

o t h e r  mechanical  des ign  c r i t e r i a  n o t  covered i n  t h i s  r e p o r t .  

50 



S i m i l a r  c o n s i d e r a t i o n s  a r e  used t o  e v a l u a t e  t h e  s l i t  h e i g h t s ,  b u t  i n  t h i s  

c a s e  s t r a i g h t - l i n e  t r a j e c t o r i e s  a r e  assumed and t h e  problem reduces  t o  one 

of g e o m e t r i c a l  c o l l i m a t i o n ,  where t h e  h e i g h t s  h o ,  h l ,  and h3 a r e  a l l  a r b i -  

t r a r i l y  s e l e c t e d  a s  1 cm, which is s l i g h t l y  l a r g e r  t h a n  t h e  v e r t i c a l  h e i g h t  

of t h e  d r i f t - t u b e  opening.  Widths wR and wC a r e  s e l e c t e d  t o  b e  j u s t  l a r g e  

enough t o  pass  t h e  beam, assuming s t r a i g h t - l i n e  t r a j e c t o r i e s .  The f i n a l  

dimensions a r e  g iven  i n  Tab le  I V .  

2.5.2 Second assembly. - A c r o s s - s e c t i o n  (viewed from above) of t h e  

p r i n c i p a l  p a r t s  of t h e  second c o l l i s i o n  chamber is  shown i n  F i g u r e  12 .  The 

assembly o f  i n t e r a c t i o n  r e g i o n  e l e c t r o d e s  is mounted i n  a d o v e t a i l  ar range-  

ment on t h e  p a r t i t i o n  t h a t  c o n f i n e s  t h e  c o l l i s i o n  g a s .  I t  can b e  moved 

from o u t s i d e  t h e  vacuum v i a  a  be l lows-sea led  feedthrough.  The e n t r a n c e  and 

e x i t  s l i t s  a r e  w and w r e s p e c t i v e l y ,  of t h e  p receed ing  sub-sec t ion .  We 
2 3  ' 

r e c a l l  t h a t  t h e  c o l l i m a t i o n  is  done such t h a t  a l l  p a r t i c l e s  pass  complete ly  

through b o t h  s l i t s  ( i n  t h e  absence of t a r g e t  g a s ) .  

The e l e c t r o d e  numbers a r e  f o r  r e f e r e n c e ,  and correspond t o  t h e  p i n  

numbers of t h e  o c t a l  feedthrough and t h e  channel  number of t h e  c u r r e n t  amp- 

l i f i e r  p r e v i o u s l y  d e s c r i b e d .  E l e c t r o d e  /I1 i s  normal ly  b i a s e d  a few v o l t s  

p o s i t i v e  t o  c o l l e c t  secondary e l e c t r o n s  e j e c t e d  from t h e  f r o n t  of t h e  s l i t ,  

and i16 i s  b i a s e d  n e g a t i v e  t o  p r e v e n t  e l e c t i o n  l o s s  from t h e  Faraday cup. 

The s i d e  e l e c t r o d e s ,  /I3 and #4,  may b e  b i a s e d  t o  c o l l e c t  slow i o n s  and 

e l e c t r o n s  produced w i t h i n  t h e  i n t e r a c t i o n  volume. 
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The d e t e c t o r  assembly i s  a l s o  shown i n  F igure  1 2 .  The bo lomete r  and 

Faraday cup can b e  in te rchanged  by 180' r o t a t i o n  about t h e  h o l d e r  a x i s ,  

which i s  p a r a l l e l  t o  b u t  y' above t h e  beam a x i s .  The b e a r i n g  f a c i l i t a t e s  

r o t a t i o n .  The whole assembly can be  t r a n s l a t e d  h o r i z o n t a l l y  and v e r t i c a l l y  

f o r  a l ignment .  T h i s  w i l l  a l s o  a l low s c a n s  o f  t h e  beam d i s t r i b u t i o n  t o  b e  

made. 

The f i r s t  c o l l i s i o n  r e g i o n  h a s  a  much d i f f e r e n t  vacuum hous ing  a r range-  

ment, a s  can be  s e e n  by i n s p e c t i o n  of t h e  p e r t i n e n t  c o n s t r u c t i o n  drawings ,  

b u t  was i n  p r i n c i p l e  t h e  same. It  could b e  a l i g n e d  on ly  when t h e  vacuum 

chamber was open, however, and t h e  Faraday cup was an i n t e g r a l  p a r t  o f  t h e  

i n t e r a c t i o n  r e g i o n  e l e c t r o d e  assembly. It  a l s o  had a  m i r r o r  mounted on i t  

as  p a r t  of i t s  cor responding  o p t i c a l  sys tem.  

2 .5 .3  Targe t  gas  t h i c k n e s s .  - To perform a b s o l u t e  c r o s s - s e c t i o n  mea- 

su rements ,  i t  is n e c e s s a r y  t o  know t h e  t a r g e t  gas t h i c k n e s s ,  o r  number of 

2 t a r g e t s  pe.r cm p r e s e n t e d  t o  t h e  i n c i d e n t  beam. Th is  is  s imply t h e  t a r g e t  

p a r t i c l e  d e n s i t y  (number/cm3) t imes  L ( i n  cm), and t h e  d e n s i t y  i s  found 
2  

from t h e  p e r f e c t  gas  law i f  we know t h e  p r e s s u r e  and t empera tu re  ( s e e  S e c t i o n  

3 . 2 ) .  

P r e s s u r e  i s  measured,  i n  b o t h  c o l l i s i o n  r e g i o n s ,  by a  c a l i b r a t e d  capa- 

c i t a n c e  manometer which may be  checked a g a i n s t  t h e  McLeod gauge. C a l i b r a t e d  

t h e r m i s t o r s  a r e  used t o  de te rmine  T ,  b u t  t h i s  i s  n e a r l y  room tempera tu re  

(" 300' K) and is n o t  c r i t i c a l  f o r  measurements w i t h  a  few p e r c e n t  u n c e r t a i n t y .  



2 .6  F i r s t  ~ ~ t i c a l / C a l i b r a t i o n  System 

Each o f  t h e  c o l l i s i o n  r e g i o n s  h a s  a  corresponding o p t i c a l  sys tem whose 

f u n c t i o n s  a r e  (1)  t o  c o l l e c t  l i g h t  energy r e l e a s e d  d u r i n g  t h e  c o l l i s i o n  

p r o c e s s e s ,  (2 )  t o  de te rmine  t h e  wavelengths of e m i t t e d  r a d i a t i o n ,  w i t h  t h e  

g o a l  of e v a l u a t i n g  what e x c i t a t i o n  mechanism i s  r e s p o n s i b l e ,  and ( 3 )  t o  

0 
measure t h e  r a t e  o f  photon p roduc t ion  a t  any wavelength  (between 2500 A and 

8000 2)  s o  a b s o l u t e  c r o s s - s e c t i o n s  can be  computed. These t h r e e  f u n c t i o n s  

a r e  performed o r  a s s i s t e d  by t h e  f o r e - o p t i c s ,  monochromator and c a l i b r a t i o n  

system,  r e s p e c t i v e l y .  

2 . 6 . 1  Fore -op t ics .  - We r e c a l l  t h a t  t h e  primary beam i s  r e s t r i c t e d  t o  

t h e  volume bounded by t h e  maximum s l i t  dimensions ,  a s  i n d i c a t e d  by t h e  shaded 

a r e a  i n  F i g u r e  11. Under t h e  assumption of s i n g l e  c o l l i s i o n  p r o c e s s e s  (which 

can b e  achieved by u s i n g  low enough gas  p r e s s u r e ,  p rov ided  t h e  c r o s s - s e c t i o n  

f o r  primary e x c i t a t i o n s  i s  a t  l e a s t  comparable i n  s i z e  t o  t h e  c r o s s - s e c t i o n s  

f o r  secondary p r o c e s s e s ) ,  t h e  l i g h t  we wish t o  d e t e c t  a l s o  o r i g i n a t e s  i n  

t h e  i n d i c a t e d  volume. The dimensions of t h e  e m i t t i n g  volume t h e r e f o r e  de- 

pend somewhat on t h e  o p t i c a l  system: t h e  maximum wid th  w a f f e c t s  t h e  
3 

s p e c t r a l  r e s o l u t i o n ,  a s  we s h a l l  s e e ,  and t h e  l e n g t h  L i s  based on t h e  
2  

l i m i t s  o f  t h e  o p t i c a l  f i e l d .  (S ince  t h e  l i g h t  produced by t h e  beam i s  n e a r l y  

p r o p o r t i o n a l  t o  i t s  i n t e r a c t i o n  l e n g t h ,  we a r e  n o t  i n t e r e s t e d  i n  minimizing 

L t o  maximize F i n  e q u a t i o n  (25) .  For a b s o l u t e  c r o s s - s e c t i o n  measurements, 
2 

we must c o l l e c t  t h e  e m i t t e d  l i g h t  w i t h  known and e q u a l  s e n s i t i v i t i e s  f o r  

every p o i n t  w i t h i n  t h e  volume. 

The d e s i g n  o f  t h e  o p t i c a l  sys tem t o  c o l l e c t  and p r o c e s s  t h i s  l i g h t  i s  

based on t h e  p r i n c i p l e s  s e t  f o r t h  i n  Refs .  1 8  and 19.  I n  p a r t i c u l a r ,  ne- 



g l e c t i n g  t r a n s m i s s i o n  l o s s e s ,  any o p t i c a l  sys tem which f i l l s  b o t h  t h e  en- 

t r a n c e  s l i t  and t h e  f ie ld-of-view of a s p e c t r o m e t e r  a c h i e v e s  t h e  maximum 

p o s s i b l e  c o l l e c t i o n  e f f i c i e n c y .  The on ly  ways t o  o b t a i n  a  h i g h e r  energy 

throughput  a r e  t o  i n c r e a s e  t h e  b r i g h t n e s s  of t h e  s o u r c e  i t s e l f  o r  t o  i n c r e a s e  

t h e  f i e l d  and /or  s l i t  s i z e  of t h e  s p e c t r o m e t e r .  The monochromator s e l e c t e d  

t o  do t h e  s p e c t r a l  a n a l y s i s  h a s  an  f  15.3 maximum f i e l d ,  and a d i s p e r s i o n  o f  

26 g / m m ,  w i t h  t h e  s l i t  a d j u s t a b l e  up t o  2 mm i n  wid th  and 2 cm i n  h e i g h t .  

For a  d i f f u s e  s o u r c e  such a s  t h e  i n t e r a c t i o n  volume, i t  i s  apparen t  t h a t  

t h e  maximum b r i g h t n e s s  is  o b t a i n e d  by look ing  through t h e  l o n g e s t  d imension.  

I n  t h i s  c a s e ,  t h e  v e r t i c a l  a x i s  must b e  used s i n c e  t h e  beam a x i s  i s  ex- 

cluded from use  by t h e  beam d e t e c t o r .  We could do no b e t t e r ,  t h e r e f o r e ,  

than  t o  p l a c e  t h e  monochromator above t h e  i n t e r a c t i o n  r e g i o n ,  i t s  e n t r a n c e  

a x i s  v e r t i c a l ,  such t h a t  t h e  e n t r a n c e  s l i t  is  a d j a c e n t  t o  t h e  r a d i a t i n g  

volume and t h e  s l i t  wid th  is  set f o r  adequate  r e s o l u t i o n .  W e  t a k e  t h e  l a t t e r  

t o  b e  1 3  8 f o r  d e s i g n  purposes ,  r e q u i r i n g  0 .5  mm s l i t s .  But such a  mono- 

chromator l o c a t i o n  i s  i m p r a c t i c a l ,  s o  an  o p t i c a l  sys tem was b u i l t  t o  accomp- 

l i s h  t h e  same t h i n g  i n  accordance w i t h  t h e  p r i n c i p l e  u n d e r l i n e d  above. 

One a s p e c t  of t h e  des ign  must b e  emphasized. I f  a b s o l u t e  measurements 

a r e  t o  b e  made, i t  is  impor tan t  t h a t  t h e  e n t i r e  image of t h e  i n t e r a c t i o n  

r e g i o n  b e  focused through t h e  e n t r a n c e  s l i t .  Otherwise ,  i t  would n o t  b e  

p o s s i b l e  t o  r e l a t e  t h e  beam c u r r e n t  through t h e  whole i n t e r a c t i o n  r e g i o n  t o  

t h e  photons from only  p a r t  o f  i t .  

D e t a i l s  of t h e  des ign  a r e  given i n  t h e  l a b o r a t o r y  notebooks.  The f i n a l  

0 
o p t i c a l  c o n f i g u r a t i o n  i s  i n d i c a t e d  i n  F igure  13.  A 45 m i r r o r  is  employed 





s o  t h e  monochromator can b e  mounted i n  a  base-down p o s i t i o n .  The condensor 

l e n s  produces an image of approximately  h a l f  t h e  t r u e  l i n e a r  d imensions .  

Thus, f o r  $ mm s l i t s ,  t h e  beam w i d t h  must n o t  exceed 1 mm, and t h e  s l i t  

h e i g h t  must b e  at  l e a s t  12.5 mm f o r  a 25 mm i n t e r a c t i o n  l e n g t h .  The a c t u a l  

f o c a l  l e n g t h  and m a g n i f i c a t i o n  a r e ,  of c o u r s e ,  wavelength  dependent ,  s o  t h e  

image i s  n o t  i n  focus  on t h e  e n t r a n c e  s l i t  a t  a l l  wavelengths .  More w i l l  

b e  s a i d  about t h i s  when t h e  c a l i b r a t i o n  o p t i c s  a r e  d i s c u s s e d .  

Both t h e  m i r r o r  and t h e  l e n s  were  chosen t o  f i l l  t h e  f i e l d  of t h e  mono- 

chromator a t  t h e i r  r e s p e c t i v e  l o c a t i o n s  i n  t h e  o p t i c a l  p a t h .  ( A c t u a l l y ,  

t h e  l e n s  i s  marg ina l  i n  s i z e  and t h e  s i g n a l  shou ld  b e  i n c r e a s e d  by 1.25% t o  

compensate f o r  a s l i g h t  l o s s  - t h i s  a p p l i e s  t o  t h e  beam s i g n a l  o n l y ,  and 

n o t  t o  c a l i b r a t i o n . )  A s p l i t - f i e l d  p o l a r i z e r  i s  a l s o  i n s t a l l e d  t o  pe rmi t  

p o l a r i z a t i o n  a n a l y s i s  of t h e  e m i t t e d  l i g h t .  P o l a r i z a t i o n  v e c t o r s  p a r a l l e l  

t o  o r  p e r p e n d i c u l a r  t o  t h e  beam a x i s  may b e  s e l e c t e d  by 180' r o t a t i o n  of 

t h e  h o l d e r  s h a f t .  The p o l a r i z e r  h o l d e r  p a r t i a l l y  b l o c k s  t h e  o p t i c a l  p a t h  

0 
when i t  i s  i n  t h e  i n t e r m e d i a t e  (90 ) p o s i t i o n .  

I f  w e  assume i s o t r o p i c  r a d i a t i o n ,  t h i s  o p t i c a l  sys tem c o l l e c t s  (geo- 

m e t r i c a l l y )  about  112330 th of t h e  t o t a l  l i g h t  o u t p u t ,  whereas t h e  £15.3 

monochromator l o c a t e d  a t  t h e  i n t e r a c t i o n  r e g i o n  would c o l l e c t  11450 - t h .  

The d i f f e r e n c e  is  t h e  p r i c e  p a i d  f o r  b e t t e r  r e s o l u t i o n .  

2 .6 .2  Monochromator. - Aside from c e r t a i n  mechanical  f e a t u r e s  and c o s t  

r e s t r i c t i o n s ,  i t  was d e s i r e d  t o  choose a  spectrum a n a l y z e r  w i t h  t h e  g r e a t e s t  

p o s s i b l e  wavelength  range ,  o p t i c a l  e f f i c i e n c y  , and f ie ld-of-view.  The u n i t  

chosen was t h e  McPherson Model 218, which is  a  h igh-e f f  i c i e n c y  , g r a t i n g  



0 
monochromator w i t h  an f / 5 . 3  o p t i c a l  sys tem and a  s c a n  range of 1050 A t o  

1 p w i t h  i t s  s t a n d a r d  g r a t i n g .  It a l s o  h a s  t h e  u s e f u l  f e a t u r e s  of auto-  

m a t i c  s c a n ,  a d j u s t a b l e  s l i t s  , and evacuab le  hous ing .  The o b s e r v a b l e  wave- 

l e n g t h s  a r e  n o t  l i m i t e d  by t h e  monochromator, b u t  by q u a r t z  o p t i c s  and 

p h o t o m u l t i p l i e r  ca thode response ,  which c u t  o f f  a t  1800 8 lower l i m i t  and 

0 
8000 A upper  l i m i t ,  r e s p e c t i v e l y .  A s  mentioned p r e v i o u s l y ,  t h e  s l i t  h e i g h t  

can b e  set up t o  2 cm, and t h e  wid th  t o  2 mm; on ly  t h e  w i d t h  is  con t inu-  

o u s l y  a d j u s t a b l e  from o u t s i d e  t h e  vacuum system.  

2 .6 .3  C a l i b r a t i o n  system.  - t h e  c a l i b r a t i o n  sys tem used w i t h  t h e  f i r s t  

c o l l i s i o n  chamber is  a l s o  shown i n  F i g u r e  13.  I ts purpose  is  t o  p r o v i d e  

a  s o u r c e  of l i g h t  of known s p e c t r a l  o u t p u t ,  r a d i a t i n g  from t h e  i n t e r a c t i o n  

r e g i o n  i n t o  t h e  f o r e - o p t i c s  and monochromator sys tem w i t h  t h e  same g e o m e t r i c  

e f f i c i e n c y  a s  a p p l i e s  t o  an average p o i n t  of t h e  e m i t t i n g  volume. 

The l i g h t  s o u r c e  i s  a  tungsten-r ibbon f i l a m e n t  lamp of  a  known s p e c t r a l  
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r a d i a n c e  ( p  watts/mm2 . A s t e r ) ,  a s  c a l i b r a t e d  by Eppley Labora to ry  and 

t r a c a b l e  t o  t h e  N a t i o n a l  Bureau o f  S t a n d a r d s .  The lamp o u t p u t  i s  p l o t t e d  

i n  F i g u r e  14.  I f  we t e m p o r a r i l y  n e g l e c t  t r a n s f e r  l o s s e s  i n  t h e  o p t i c a l  

sys tem,  any image of t h e  f i l a m e n t  h a s  t h e  same s p e c t r a l  r a d i a n c e  a s  t h e  

f i l a m e n t  i t s e l f .  We t h e r e f o r e  form a  f i l a m e n t  image on an  a p e r t u r e  p l a t e  

of known a r e a ,  and i n  t u r n  focus  t h e  a p e r t u r e  on t h e  i n t e r a c t i o n  r e g i o n .  

Two m i r r o r s  complete t h e  o p t i c a l  r e l a y  system: one below t h e  i n t e r a c t i o n  

r e g i o n  i s  r e q u i r e d  f o r  mechanical  r e a s o n s ,  and a n o t h e r ,  which f o l d s  t h e  

o p t i c a l  a x i s  i n t o  a  p l a c e  p e r p e n d i c u l a r  t o  t h e  p l a n e  of t h e  f i r s t  bend ,  

compensates f o r  any p o l a r i z a t i o n  i n t r o d u c e d  by t h e  f i r s t  r e f l e c t i o n .  A l l  
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components a r e  s e l e c t e d  s o  t h e  f i e l d  of t h e  f o r e - o p t i c s  i s  o v e r f i l l e d .  The 

s p e c t r a l  power r a d i a t i n g  i n t o  t h e  f o r e - o p t i c s  i s  now g i v e n  by 

P ~ = R ~  A .  m2 fi . A X  
F 

(30) 

where R is t h e  lamp r a d i a n c e  a t  wavelength  A .  
X  

A i s  t h e  a p e r t u r e  a r e a .  

m is  t h e  l i n e a r  m a g n i f i c a t i o n  of t h e  r e l a y  l e n s .  

fi is  t h e  s o l i d  a n g l e  accep ted  by t h e  f o r e - o p t i c s .  F 

A A  i s  t h e  bandpass of t h e  monochromator. 

Power a t  any wavelength  is  conver ted t o  a  photon r a t e  by d i v i d i n g  by t h e  

photon energy h a  . 

S i n c e  t h e  i n d e x  of r e f r a c t i o n  of t h e  q u a r t z  l e n s e s  v a r i e s  w i t h  wave- 

l e n g t h ,  i t  is n e c e s s a r y  t o  focus  t h e  o p t i c a l  sys tem f o r  each wavelength  

used.  The r e l a y  l e n s  i s  f i x e d  ( i t  a l s o  s e r v e s  a s  a  vacuum window), s o  

re focus ing  is done by moving t h e  a p e r t u r e ,  thus  changing t h e  o b j e c t  d i s t a n c e  

u.  Th is  a l s o  causes  t h e  m a g n i f i c a t i o n  m t o  change. These q u a n t i t i e s  a r e  

p l o t t e d  v s .  wavelength  X  i n  F i g u r e s  15 and 1 6 ,  and must b e  r e f e r r e d  t o  when 

c a l i b r a t i n g  a t  any wavelength .  The o b j e c t  d i s t a n c e  i s  e a s i l y  s e t  by re- 

f e r e n c e  t o  a  s c a l e  on t h e  s i d e  of t h e  a d j u s t a b l e  a p e r t u r e  c a r r i e r .  

Equat ion (30) i s  n o t  v a l i d  u n l e s s  we apply  t o  i t  t h e  t r a n s f e r  l o s s e s  o f  

t h e  c a l i b r a t i o n  o p t i c s .  These a r e  of t h r e e  t y p e s :  (1 )  There  a r e  l o s s e s  

i n t e n t i o n a l l y  i n t r o d u c e d  i n  t h e  form of n e u t r a l  d e n s i t y  f i l t e r s  i n  o r d e r  

t o  reduce t h e  c a l i b r a t i o n  l i g h t  i n t e n s i t y  t o  a  l e v e l  compat ible  w i t h  photon 

coun t ing  t e c h n i q u e s ,  F i l t e r s  of nominal d e n s i t i e s  1 . 0 ,  2.0 and 3 . 0 ,  w i t h  

t r a n s m i s s i o n  c u r v e s ,  a r e  p rov ided .  (2) S i n c e  t h e  lamp o u t p u t  of r ed  l i g h t  







is  much h i g h e r  t h a n  t h e  b l u e ,  i t  i s  n e c e s s a r y  t o  p r e f i l t e r  f o r  c a l i b r a t i o n s  

below about  4000 2 i n  o r d e r  t o  reduce e x c e s s i v e  s c a t t e r e d  l i g h t  levels in -  

s i d e  t h e  monochromator. T h i s  i s  done w i t h  a set of UV bandpass f i l t e r s ,  

f o r  which t h e  t r a n s m i s s i o n  a t  any wavelength  must b e  t a k e n  i n t o  account .  

(3)  The l e n s e s  and m i r r o r s  of t h e  r e l a y  o p t i c s  i n t r o d u c e  t r a n s m i s s i o n  and 

r e f l e c t i o n  l o s s e s .  Lens l o s s e s  can b e  a c c u r a t e l y  computed from t h e  known 

p r o p e r t i e s  of q u a r t z  and t h e  l e n s  dimensions .  The m i r r o r  l o s s e s  were  

determined e m p i r i c a l l y .  D e s c r i p t i o n  of t h e  methods f o l l o w :  

( a )  Lens l o s s e s :  

The l i g h t  l o s s e s  due t o  a  g l a s s  l e n s  are of two t y p e s :  

( 2 )  r e f l e c t i o n  l o s s e s  a t  b o t h  s u r f a c e s ,  and (2) a b s o r p t i o n  

l o s s e s  i n  t h e  g l a s s  i t s e l f .  The f r a c t i o n a l  t r a n s m i s s i o n  f o r  

normal i n c i d e n c e  a t  a  g l a s s - a i r  i n t e r f a c e  i s  g iven  by 

where n  is  t h e  r e f r a c t i v e  i n d e x  of t h e  g l a s s .  The t r a n s m i s s i o n  

through a  t h i c k n e s s  t of g l a s s  i s  

where a i s  t h e  a b s o r p t i o n  c o e f f i c i e n t  of t h e  g l a s s .  Both n  

and a a r e  wavelength dependent f o r  q u a r t z ,  and v a l u e s  may be 

found i n  o p t i c a l  m a t e r i a l s  handbooks. The n e t  t r a n s m i s s i o n  

of a  two-lens system (4  g l a s s - a i r  i n t e r f a c e s ) ,  i f  we assume 

normal i n c i d e n c e ,  i s  t h e n  g iven  by 

T = e-a (1: 1 + t 2) 



where t l  and t2 are mean thicknesses of the two lenses. This 

function was evaluated for the two-lens optical relay system 

used for calibration. The results are plotted vs. wavelength 

in Figure 17. 

The absorption coefficient a is essentially zero above 

3000 2, and even at shorter wavelengths the residual uncer- 

tainty due to using an assumed, average optical thickness is 

completely negligible. Estimates were also made of the errors 

introduced because the light is not really normally incident 

at the lens surface. When an average is taken over the whole 

surface of the lens, the assumption of normal incidence is 

good to within about 0.1%. 

(b) Mirror Losses: 

The net reflectivity of the two-mirror system was measured 

at a number of discrete wavelengths by the method illustrated 

in Figure 18. The two mirrors were first mounted on a fixture 

that could be quickly installed on the monochromator entrance 

port. Mercury and helium discharge lamps were then used to 

uniformly illuminate (from a comparatively large distance) a 

diffusely reflecting MgO screen large enough to completely fill 

the monochromator field at a distance of 2' or 3'. (Since the 

field is filled with a uniform light source, the distance is 

unimportant and can be changed without affecting the signal). 

Next, the monochromator was tuned to select one of the many 

spectral line outputs and two signal measurements were made: 

one viewing the MgO screen directly, the other viewing it off 







t h e  two-mirror system. The r a t i o  of t h e s e  measurements g i v e s  

t h e  n e t  r e f l e c t i v i t y  a t  t h a t  wavelength.  Data were t a k e n  a t  

0 
s p e c t r a l  l i n e s  from 2270 A t o  7280 2 . R e s u l t s  a r e  g i v e n  i n  

F i g u r e  19 ,  and a r e  s u b s t a n t i a l l y  i n  agreement w i t h  p u b l i s h e d  

d a t a  f o r  SiO overcoated aluminum m i r r o r s  (Ref.  2 0 ) .  

2.7 Second O p t i c a l / C a l i b r a t i o n  System 

The f u n c t i o n s  of t h e  o p t i c a l  sys tem a s s o c i a t e d  w i t h  t h e  second c o l l i s i o n  

r e g i o n  a r e  unchanged, and a r e  performed by t h e  same g e n e r a l i z e d  components: 

a  f o r e - o p t i c s  sys tem,  a  monocromator, and a  c a l i b r a t i o n  system. The r e v i s e d  

system i s  i l l u s t r a t e d  i n  F i g u r e  20. 

2.7.1. Fore-opt ics . -  The b a s i c  geometry of t h e  f o r e - o p t i c s  sys tem is  

much t h e  same a s  t h a t  of t h e  o p t i c a l  sys tem d e s c r i b e d  p r e v i o u s l y  ( s e e  

F i g u r e  1 3 ) ,  b u t  t h e  l e n s  and 45' m i r r o r  a r e  r e p l a c e d  by an  e l l i p s o i d a l  

m i r r o r  t h a t  performs t h e  f u n c t i o n s  of b o t h  of t h e  former components. The 

p o l a r i z e r  i s  a l s o  l o c a t e d  i n  a  more f a v o r a b l e  p o s i t i o n ,  where i t  can be  

complete ly  removed from t h e  o p t i c a l  p a t h .  

The m i r r o r  is  a  segment of an  e l l i p s o i d  of r e v o l u t i o n ,  w i t h  t h e  i n t e r -  

a c t i o n  r e g i o n  a t  one f o c u s  and t h e  monochromator e n t r a n c e  s l i t  a t  t h e  o t h e r .  

The geometry of t h e  m i r r o r  and t h e  p r o p e r t i e s  of t h e  e l l i p s o i d  a r e  g i v e n  i n  

Drawing SK-120-3005. R e f l e c t i v e  f o c u s i n g  comple te ly  e l i m i n a t e s  t h e  chromat ic  

a b e r r a t i o n s  a s s o c i a t e d  w i t h  t h e  q u a r t z  l e n s e s  ( t h i s  is p a r t i c u l a r l y  impor tan t  

f o r  c a l i b r a t i o n ) ,  b u t  t h e  e l l i p s o i d  i n t r o d u c e s  s e v e r e  o f f - a x i s  e f f e c t s  (coma) 

which g r e a t l y  r e s t r i c t  i t s  u t i l i t y .  The i n t e r a c t i o n  r e g i o n  p r o j e c t s  i n t o  

an h o u r g l a s s  f i g u r e  on t h e  monocromator e n t r a n c e  s l i t ,  and i s  on ly  w e l l  
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focused on a plane tilted at an angle of 30' or more relative to the plane 

of the slit, as indicated in Figure 20. The magnification of the mirror is 

not single-valued, but its collection efficiency is approximately 113820 for 

isotropic radiation. 

2.7.2. Monochromator. - No change was made in the monocromator for 

the second optical system. 

2.7.3. Calibration system. - The main difference, in principle, be- 

tween the two optical systems is the method of calibration. The first system 

introduced substantial uncertainties into the calibration itself because 

(1) the transfer losses of an optical relay system had to be determined, 

(2) there is no way to be sure the calibration light is focused through the 

center of the interaction region, and (3) the wavelength-dependent magnifi- 

cation factor m2 that is applied to the aperture size is subject to much 

error due to small uncertainties in lens dimensions and optical path dis- 

tance. The system described here has none of these shortcomings. The lamp 

filament itself is precisely positioned at the same optical distance from 

the monocromator slit as is the interaction region, and is focused onto the 

slit by the same ellipsoidal mirror (rotated 180' from its normal position). 

The windows in both optical paths are identical. The only corrections to 

be applied are the transmission factors for the bandpass and neutral density 

filters. Note that the latter can be precisely measured at any wavelength 

by the light detection system itself. 

The limiting aperture for the filament is located nearly in the plane 

of the monocromator entrance slit, and its area enters directly (i.e., with- 



out a magnification factor) into the calculation of the calibration photon 

rate. The aperture can be scanned across the slit, its position shown by 

a dial indicator (.001" on the dial indicator = .02 mm at the slit), and 

vertically along the slit by a micrometer drive. It can be moved completely 

out ~f the optical path for collision light measurements. 

2.8 Photon Counting 

Since the collision experiments to be performed were expected to pro- 

duce very low light levels, photon counting techniques seemed to hold more 

promise than more conventional methods which measure some time-average 

output of a radiation detector. One primary reason for this is that counts 

can be accumulated for as long a time as necessary, thereby giving longer 

integration times than are practical for other phase-locked systems. It is 

also worth noting that counting methods are less susceptible to noise pick- 

up and instabilities than some other electronic processing techniques. 

References 21 through 24 discuss in detail the principles and methods 

applicable to photon counting. 

2.8.1 Detector. - An Amperex 56TUVP photomultiplier tube is used as 

the photon detector. It has an S20 cathode which responds to wavelengths 

0 
between the cutoff of the quartz window at 1800 a and about 8000 A where 
the photoemissivity falls to zero. It has a fast, linear-focused dynode 

structure, giving transit times and pulse widths of about 2 to 4 nanosec- 

onds. The gain at normal operating voltages may be as high as lo8, and 

dark counts (at dry-ice temperature) are about 10 to 20 per second. It is 

located several inches away from the monochromator exit slit so the 

emerging light nearly fills the 2" diameter photocathode. 



The photomultiplier housing is cooled to -6g°C by a dry-ice and 

alcohol slurry. The interior of the housing is sealed to the exit flange 

of the evacuated monochromator housing. A quartz window completes the 

optical path. The housing includes a tube-base assembly wired specifically 

for this tube. The cathode operates at negative high-voltage, as does a 

surrounding electromagnetic shield built into the housing. The output is 

taken directly from the anode, which is shunted by an external 50 R resistor. 

The output pulse is transmitted through a 50 R coaxial line to the amplifier 

circuit. 

It should be noted that a photomultiplier intended for photon 

counting, where statistical methods of analysis are used, should not only 

have high quantum efficiency, low dark current and short pulse width, but 

should also obey Poisson statistics (or at least the statistical distribution 

should be well-known). The 56TUVP tube is known to deviate from Poisson 

statistics (Ref. 21), particularly when cooled. This is in agreement with 

our observations. Fast bursts of pulses are occasionally seen on a time 

scale of several seconds, and may be the source of the deviation. Their 

cause is not known. Numerous checks, made at different count rates and 

for different total count accumulations, indicate that the uncertainty com- 

puted on the basis of the Poisson distribution must be increased by a nearly 

constant, additional uncertainty of about + 300 counts. 

2.8.2. Electronic processing. - The photomultiplier output produces 

a voltage pulse of approximate amplitude 



where Q i s  t h e  charge  ( i n  Coulombs) con ta ined  i n  t h e  b u r s t  of e l e c t r o n s ,  and 

C i s  t h e  n e t  c a p a c i t a n c e  of t h e  anode c i r c u i t ,  i n c l u d i n g  t h e  c o a x i a l  c a b l e .  

Th i s  v o l t a g e  p u l s e  h a s  a  t r a i l i n g  edge w i t h  a  t i m e  c o n s t a n t  

T = RC = 1 0  n s e c  

R  being t h e  50 R anode r e s i s t o r .  

P u l s e s  of t h i s  d e s c r i p t i o n  a r e  t r a n s m i t t e d  through about  7 f e e t  of 

50 R c o a x i a l  c a b l e  t o  t h e  i n p u t  ( a l s o  i n t e r n a l l y  t e rmina ted  i n  50 R ) of a  

two-stage, f a s t  (2 n s e c  r i s e  t ime)  p u l s e  a m p l i f i e r  (E.G.& G .  model AN101). 

Each s t a g e  h a s  a  f i x e d  g a i n  x 4 ,  and t h e  two s t a g e s  a r e  normal ly  cascaded,  

g i v i n g  a  t o t a l  g a i n  x  16.  T y p i c a l  o u t p u t  p u l s e s  t h e r e f o r e  have ampl i tudes  

i n  t h e  v i c i n i t y  of 1 o r  2  v o l t s .  

The a m p l i f i e d  p u l s e s  a r e  a p p l i e d  t o  t h e  i n p u t  of a  t h r e s h o l d  d i s c r i m -  

i n a t o r  (E.G.& G .  model T lOl ) ,  which de te rmines  t h e  minimum ampl i tude  of 

p u l s e s  t h a t  w i l l  be counted.  A l l  i n p u t  p u l s e s  t h a t  exceed t h e  t h r e s h o l d  

cause  shaped,  uni-ampl i tude p u l s e s  t o  appear  a t  t h e  d i s c r i m i n a t o r  o u t p u t s .  

The d i s c r i m i n a t o r  i s  normal ly  used i n  a  "dead-time" mode t h a t  p r e v e n t s  t h e  

c i r c u i t  from responding t o  a  second p u l s e  occur ing  w i t h i n  a  t i m e  e s t a b l i s h e d  

by t h e  l e n g t h  of a n  e x t e r n a l  d e l a y  c a b l e .  A l l  i n p u t  p u l s e s  o c c u r r i n g  w i t h i n  

t h e  dead-time produce o n l y  a  s i n g l e  o u t p u t .  It i s  impor tan t  t h a t  a  s u f f i c i e n t -  

l y  long dead-time be  used i n  o r d e r  t o  i n h i b i t  c e r t a i n  t y p e s  of p u l s e  cor -  

r e l a t i o n  t h a t  can be  t r a c e d  t o  t h e  p h o t o m u l t i p l i e r .  These c o r r e l a t i o n  

e f f e c t s  a r e  d i s c u s s e d  thoroughly i n  Reference 2 1 .  

Two i d e n t i c a l  d i s c r i m i n a t o r  o u t p u t s  a r e  connected through s h o r t  l e n g t h s  

of 50 R c o a x i a l  c a b l e  t o  t h e  two i n p u t s  of a  f a s t  d u a l  s c a l e r  (SEN Model 



312). Each scaler channel has provision for external gating, which is very 

important for the synchronous detection system to be di.scussed in Section 

2.9. Thus, the ability of each channel to count the pulses depends on 

whether the corresponding gate signal is in the "permit" or "inhibit" mode. 

Something must be said about the determinations of dead-time, discrim- 

inator setting, and optimum photomultiplier high voltage. The methods 

described in Reference 21 were used, and are based on the premise that pulse 

correlations lead to inaccuracies in interpretation of results and should 

be eliminated as much as possible. 

Two types of pulse correlation can be eliminated by the use of adequate 

dead-times. These are (1) correlated after-pulse, and (2) abnormal pulse 

shapes, due to imperfections in the dynode structure for instance, that may 

trigger the discriminator more than once. The 56TUVP is a particularly good 

tube in this respect, and a dead-time of 20 nsec can be shown (by statistical 

methods) to remove most such correlations. RG 58/U cable has a delay :,;lie of5 

nsec/meter, so about 13' are required to give a 20 nsec dead-time. Cables 

7" long and 4' long exhibited strong correlation that was largely eliminated 

by using cables 18' and 28' long. The last two gave almost identical 

results, so 18' apparently produces an adequate dead-time. 

For any discriminator trigger level (we use the minimum setting), 

curves related to integral and differential pulse height distributions can 

be obtained by plotting counting rate vs. photomultiplier high voltage. If 

the shapes of curves so obtained are compared to their counterparts computed 

on the basis of Poisson statistics, the voltage where they begin to diverge, 



indicating strong correlation effects, is easily identified. 

Data taken to establish an operating high voltage and to determine 

the necessary dead-time cable length are given in the laboratory notebooks. 

Reference 21 must be consulted for their interpretation. The recommended 

values are: 

Dead-time - > 30 nsec (18' of RG 58/U cable). 

Discriminator setting = 1.0 (minimum setting). 

Photomultiplier high voltage = 1800 V. 

2.9 Modulation and Synchronous Detection 

The primary ion beam intensity at the collision region may be rather 

low in some cases, particularly when low energy collisions of heavy, low 

vapor-pressure materials such as iron are being studied. The situation with 

neutral beams may be even worse, because of additional losses during the 

charge-exchange process. Furthermore, since interpretation of the data 

requires that only single collision processes take place, the total number of 

photons produced at any wavelength must be relatively small compared to the 

number of incident ions. We collect these photons with a low geometric 

efficiency, and with a quantum efficiency that is less than 1% at some wave- 

lengths. For these reasons we must utilize the superior ability of lock-in, 

or synchronous, detection methods to extract low level signals from noise 

and background, if we are to realize the maximum sensitivity of the apparatus. 

A block diagram of the entire detector system for ions, neutral mole- 

cules and atoms, and photons is shown in Figure 21. Many of the individual 

units and their functions have already been discussed. We now describe their 
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l o g i c  r e l a t i o n s h i p  t o  each o t h e r  and,  i n  p a r t i c u l a r ,  t h e  equipment r e q u i r e d  

t o  put  synchronous d e t e c t i o n  i n t o  e f f e c t .  

2 .9 .1 .  Boxcar i n t e g r a t o r .  - The s o u r c e  of c o n t r o l  i n  t h e  t ime  domain, 

which i s  our concern h e r e ,  i s  t h e  boxcar i n t e g r a t o r .  T h i s  d e v i c e  h a s  two 

sub-systems t h a t  a r e  n e a r l y  independent  f u n c t i o n a l l y .  One i s  a ga ted  ampli-  

f i e r  channe l  t h a t  r esponds  (wi th  a n  RC t ime s e t  by a  f r o n t  p a n e l  c o n t r o l )  t o  

a n  i n p u t  s i g n a l  o n l y  when t h e  g a t e  i s  "open," and h o l d s  i t s  l a s t  a t t a i n e d  

o u t p u t  l e v e l  when t h e  g a t e  i s  "closed."  Thus, i t  samples and a v e r a g e s  o n l y  

t h a t  f r a c t i o n  of a  r e p e t i t i v e  s i g n a l  t h a t  comes w i t h i n  t h e  d u r a t i o n  o f  t h e  

( a l s o  r e p e t i t i v e )  g a t e .  The o t h e r  f u n c t i o n ,  more impor tan t  f o r  our  sys tem,  

i s  a  c i r c u i t  f o r  multi-mode g e n e r a t i o n  of t iming  s i g n a l s ,  among which a r e  

a t ime-base ramp and a  g a t e  ( s e e  F igure  22 f o r  t h e  waveforms). The l a t t e r  

c o n t r o l s  t h e  a m p l i f i e r  through an  i n t e r n a l  connec t ion ;  b o t h  a r e  a v a i l a b l e  a t  

p a n e l  BNC c o n n e c t o r s .  The " r e c u r r e n t "  mode i s  t h e  o n l y  one used w i t h  t h i s  

a p p a r a t u s .  I n  t h i s  mode t h e  t ime-base,  o r  r e p e t i t i o n  p e r i o d ,  i s  g e n e r a t e d  

w i t h i n  t h e  boxcar i n t e g r a t o r ,  i t s  d u r a t i o n  be ing  set by a  swi tch .  The g a t e  

s i g n a l  i s  genera ted  once d u r i n g  each p e r i o d ,  w i t h  i t s  wid th  and p o s i t i o n  i n  

t h e  c y c l e  determined by f r o n t  p a n e l  c o n t r o l s .  

2.9.2.  Logic c o n t r o l  u n i t .  - The boxcar i n t e g r a t o r  de te rmines  t h e  

t iming  sequences  f o r  t h e  rest of t h e  sys tem v i a  t h e  l o g i c  c o n t r o l  u n i t .  

T h i s  d e v i c e  p r o c e s s e s  t h e  "time-base" and "gate"  o u t p u t s  of t h e  boxcar 

i n t e g r a t o r  and produces  t h e  waveform shown i n  F i g u r e  22 t o  c o n t r o l  t h e  o t h e r  

system components. 

The p o s i t i v e  s l o p e  p o r t i o n  of t h e  time-base s i g n a l  t r i g g e r s  a  b i - s t a b l e  
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m u l t i v i b r a t o r  and produces t h e  waveform shown i n  ( f ) ,  which i s  a  s q u a r e  

wave a t  h a l f  t h e  o r i g i n a l  f requency .  T h i s  i s  t h e  s i g n a l  used t o  d r i v e  t h e  

beam chopper ,  producing c u r r e n t  modulat ion a s  shown i n  (g) . Waveform (h) 

shows t h i s  beam c u r r e n t  a s  i t  might  appear  ( a f t e r  p r o c e s s i n g )  on t h e  o u t p u t  

of t h e  boxcar i n t e g r a t o r ,  f o r  t ime  c o n s t a n t s  s h o r t e r  t h a n  and l o n g e r  t h a n  

t h e  chopping p e r i o d .  

Waveform ( c )  h a s  t h e  same p e r i o d i c i t y  a s  t h e  boxcar g a t e ,  b u t  h a s  

been p rocessed  t o  g i v e  a  d i f f e r e n t  s i g n a l  l e v e l  s u i t a b l e  t o  g a t e  a  t imer  

( s e e  F i g u r e  21) which t h e n  r e c o r d s  t h e  t o t a l  t ime d u r i n g  which t h e  g a t e s  

were open. Waveforms (d)  and ( e )  a r e  produced from ( c ) ,  i n  t u r n ,  by p a s s i n g  

i t  through a p p r o p r i a t e  e l e c t r o n i c  g a t e s  c o n t r o l l e d  by ( f )  o r  i t s  c o n j u g a t e .  

These s i g n a l s  (d and e )  a r e  t h e  g a t e  s i g n a l s  f o r  t h e  d u a l  s c a l e r  c h a n n e l s .  

Thus, one channel  can r e c o r d  c o u n t s  when t h e  beam is  i n  t h e  "on" mode, t h e  

o t h e r  r e c o r d s  background and n o i s e  when t h e  beam i s  "off" .  

It should b e  no ted  t h a t  t h e  boxcar i n t e g r a t o r  g a t e  c a u s e s  t h e  beam 

s i g n a l  t o  b e  sampled d u r i n g  b o t h  "on" and"off" phases ,  the reby  i n d i c a t i n g  

o n l y  h a l f  t h e  t r u e  v a l u e  of t h e  beam on c u r r e n t .  The t i m e r ,  on t h e  o t h e r  

hand, measures t h e  t o t a l  d u r a t i o n  of a l l  g a t e s ,  t h u s  r e c o r d i n g  t w i c e  t h e  

t ime  a c t u a l l y  used t o  accumulate  t h e  coun ts  i n  t h e  "on" channe l  s c a l e r .  

These two f a c t o r s  of 2  c a n c e l  when the number  of ions i s  c o m p u t e d .  

A g a t e  s i g n a l  would n o t  be  r e q u i r e d  a t  a l l  i f  i t  were n o t  f o r  unsharp 

r i s e - a n d - f a l l  t i m e s  of t h e  i o n  beam, as i n d i c a t e d  i n  waveform ( g ) .  The 

ambiguous r e g i o n s  a r e  excluded by s e t t i n g  t h e  g a t e  f o r  t h e  c e n t r a l  p a r t  of 

each phase.  



S e v e r a l  o t h e r  f e a t u r e s  of t h e  l o g i c  c o n t r o l  u n i t  should  a l s o  be  

mentioned. F i r s t ,  i t  h a s  a  mode s w i t c h  t h a t  e n a b l e s  t h e  t ime-base t o  be 

e s t a b l i s h e d  by a n  e x t e r n a l  o s c i l l a t o r  ( t h e  boxcar i n t e g r a t o r ) ,  a n  a d j u s t a b l e  

f requency i n t e r n a l  o s c i l l a t o r ,  o r  a  manual on-off s w i t c h .  The beam phase  

i s  i n d i c a t e d  f o r  a l l  modes by "on" and "of f"  p a n e l  l i g h t s .  It a l s o  h a s  

p r o v i s i o n  t o  a u t o m a t i c a l l y  s t o p  any d a t a  r e c o r d i n g  p e r i o d  when a  p r e d e t e r -  

mined number of coun ts  a p p e a r s  on e i t h e r  s c a l e r .  The c o n t r o l  s i g n a l  i s  

o b t a i n e d  from t h e  a p p r o p r i a t e  "address"  connec t ion  a t  t h e  back of t h e  

s c a l e r ,  and i s  f e d  i n t o  t h e  l o g i c  c o n t r o l  u n i t  through a  r e a r  p a n e l  BNC 

connec tor .  There i s  a  manual o v e r r i d e  f o r  t h i s  f e a t u r e .  

A d e s c r i p t i o n  of t h e  l o g i c  c o n t r o l  u n i t  c i r c u i t r y  i s  g iven  i n  

Appendix C .  

2.9.3.  Beam chopper.  - Although t h e  beam chopper i s  f u n c t i o n a l l y  

p a r t  of t h e  i o n  beam c o n t r o l  system, it i s  l o g i c a l l y  a s s o c i a t e d  w i t h  t h e  

synchronous d e t e c t i o n  system and is  d i s c u s s e d  h e r e .  I ts purpose  i s  t o  t u r n  

t h e  beam on and o f f  i n  phase  w i t h  t h e  time-base o u t p u t  of t h e  l o g i c  c o n t r o l  

u n i t .  It does  t h i s  by p r o c e s s i n g  t h e  t ime-base s i g n a l  t o  c o n t r o l  t h e  v o l -  

t a g e  a p p l i e d  t o  t h e  1st and 3 rd  e i n z e l  l e n s  e l e c t r o d e s .  

The h e a r t  of t h e  chopping c i r c u i t  i s  shown i n  F i g u r e  23. The l e n s  

c o n t r o l  power supp ly  o u t p u t  ( r e f e r  t o  F i g u r e  2)  i s  a t t a c h e d  t o  t e r m i n a l s  1 

and 2. I ts  o u t p u t ,  minus 400 V (dropped by two 1N3105A Zener d i o d e s ) ,  i s  

a p p l i e d  t o  t h e  v o l t a g e  d i v i d e r  i n p u t ,  t e r m i n a l s  3  and 5. The 0 .8  t a p  from 

t h e  d i v i d e r  i s  brought i n t o  t h e  chopper c i r c u i t  a t  t e r m i n a l  4 .  The f u n c t i o n  

of t h e  chopper i s  t o  p rov ide  an  o u t p u t  which a l t e r n a t e s  i n  p o t e n t i a l  between 





t h o s e  of t e r m i n a l s  1 and 4 ,  which a r e  r e f l e c t i n g  and focus ing  p o t e n t i a l s  

r e s p e c t i v e l y .  Th is  i s  done by app ly ing  a  modulat ion s i g n a l  A and i t s  com- 

plement A t o  t h e  g r i d s  of t h e  two t u b e s  T  1 and T 2,  s o  t h e y  a l t e r n a t e l y  

conduct and t u r n  o f f .  When T 1 conduc t s ,  h i g h  v o l t a g e  d i o d e  D 1 i s  forward 

b i a s e d  and t h e  o u t p u t  i s  a t  t h e  p o t e n t i a l  of t e r m i n a l  4 .  When T 2 i s  con- 

d u c t i n g ,  i t  d r o p s  o n l y  a s m a l l  v o l t a g e  and t h e  o u t p u t  rises c l o s e  t o  t e r m i n a l  

1. I n  t h i s  c a s e  D 2  i s  forward b i a s e d  and D 1 i s  c u t  o f f .  The c u r r e n t s  

th rough  t h e  t u b e s  a r e  i and i r e s p e c t i v e l y .  T y p i c a l  o p e r a t i n g  v o l t a g e s  
1 2  

are i n d i c a t e d ,  measured r e l a t i v e  t o  t h e  plasma p o t e n t i a l .  The c i r c u i t  shown 

f l o a t s  w i t h  r e s p e c t  t o  e a r t h  ground a t  a  v o l t a g e  determined by t h e  beam 

p o t e n t i a l  power supp ly .  A d e s c r i p t i o n  of t h e  chopper c i r c u i t  i s  g i v e n  i n  

Append i x  D . 





3.0 PROCEDURES AND ANALYSIS 

I n  t h i s  s e c t i o n  we review t h e  procedures  t h a t  must be fol lowed t o  meas- 

u r e  t h e  necessa ry  q u a n t i t i e s ,  and t h e  computat ions  by which a b s o l u t e  c ross -  

s e c t i o n s  a r e  determined from them. The t ime r e q u i r e d  f o r  a  complete e x p e r i -  

ment depends s t r o n g l y  on t h e  o b t a i n a b l e  beam i n t e n s i t y ,  t h e  c r o s s - s e c t i o n  f o r  

t h e  p r o c e s s ,  and t h e  d e s i r e d  p r e c i s i o n  o f  measurement. I n  g e n e r a l ,  e i g h t  

hours  o f  o p e r a t i o n  i s  adequa te  t o  s t a r t  up t h e  a p p a r a t u s ,  perform t h e  necess-  

a ry  measurements a t  s e v e r a l  (perhaps  10) beam e n e r g i e s ,  and c a l i b r a t e  t h e  

o p t i c a l  system. S e v e r a l  days of o p e r a t i o n  may b e  n e c e s s a r y  t o  complete a  

s e t  of measurements w i t h  a  s u f f i c i e n t  number of e n e r g i e s  t o  observe any 

s t r u c t u r e  t h a t  may occur .  

3 . 1  O p e r a t i o n a l  Procedures  

Because any p a r t i c u l a r  experiment w i l l  i n t r o d u c e  i t s  own c o m p l e x i t i e s  

i n t o  t h e  o p e r a t i n g  p rocedure ,  i t  is  n o t  p o s s i b l e  t o  d e s c r i b e  a l l  p rocedures  

i n  d e t a i l .  I n s t e a d ,  we s h a l l  l is t  t h e  p r i n c i p a l  s t e p s  t h a t  must b e  fo l lowed  

f o r  most exper iments .  These procedures  a r e  i n t e n d e d  t o  b e  supplemented by 

r e f e r e n c e  t o  t h e  i n s t r u c t i o n  manuals f o r  a l l  p e r t i n e n t  components. It i s  

assumed t h a t  t h e  sys tem i s  evacua ted  and t h a t  a l l  p r e l i m i n a r y  work f o r  a  

p a r t i c u l a r  exper iment  h a s  been done. 

3 . 1 . 1  Obta in  i o n  s o u r c e  plasma. - 

(a) Turn on w a t e r  t o  i o n  s o u r c e  and magnet. 

(b )  Switch i o n  s o u r c e  r a c k  t o  " i n t e r l o c k "  p o s i t i o n .  

( c )  Switch t h e  beam p o t e n t i a l  supp ly  t o  some low v o l t a g e  (1V) s o  t h e  

plasma chamber h a s  a  d e f i n e d  r e f e r e n c e  l e v e l .  



Apply l O O V  t o  150V anode p o t e n t i a l .  

I n c r e a s e  f i l a m e n t  c u r r e n t  u n t i l  emiss ion  i s  observed by c u r r e n t  

drawn from t h e  anode power supp iy  ( s e v e r a l  ma.). 

Turn up plasma chamber vapor  p r e s s u r e  ( e i t h e r  w i t h  t h e  h e a t e r  o r  

t h e  gas l e a k  v a l v e )  u n t i l  t h e  p r e s s u r e  i s  FZ 1 x l oq5  t o r r  i n  t h e  

s o u r c e  chamber. 

Turn t h e  s o l e n o i d  c u r r e n t  t o  about  1 ampere. 

I f  no plasma i s  o b t a i n e d  a t  t h i s  t i m e ,  i t  is probab le  t h a t  t h e  

p r e s s u r e  o r  t h e  f i l a m e n t  c u r r e n t  i s  t o o  low. Adjus t  a c c o r d i n g l y .  

Reduce t h e  anode p o t e n t i a l  t o  i ts  d e s i r e d  o p e r a t i n g  v a l u e .  

Adjust  t h e  i o n  s o u r c e  c o n t r o l s  f o r  a  s t a b l e  plasma, u s i n g  a low 

f i l a m e n t  c u r r e n t  and plasma p r e s s u r e  i f  p o s s i b l e .  

2 Obta in  an i o n  beam a t  t h e  Faraday cup. - 

Turn t h e  l e n s  power supply t o  g i v e  t h e  d e s i r e d  a n a l y z e r  v o l t a g e  

( r e c a l l  t h a t  t h e  chopper drops  400V, and t h e  a n a l y z e r  energy i s  

0 . 8  t i m e s  t h e  i n p u t  p o t e n t i a l  a t  t h e  v o l t a g e  d i v i d e r ) .  

Adjust  t h e  beam p o t e n t i a l  power supply t o  g i v e  t h e  d e s i r e d  beam 

energy.  

Make s u r e  t h e  chopper i s  i n  e i t h e r  a  d c  beam "on" o r  a  chopped 

mode ( t h i s  r e q u i r e s  t h a t  t h e  u n i t s  i n  t h e  d e t e c t o r  e l e c t r o n i c s  

rack  b e  swi tched o n ) .  

Observe t h e  o u t p u t  of t h e  beam c u r r e n t  t r a n s d u c e r  on an  o s c i l l o -  

scope .  

Turn up t h e  a n a l y z e r  f i e l d  u n t i l  a  s i g n a l  i s  observed.  Check t h e  

magnet ic  f i e l d  and F igure  7 t o  b e  s u r e  i t  is  t h e  d e s i r e d  mass.  



( f )  Adjust  a l l  plasma, i o n  l e n s  and beam al ignment  parameters  f o r  t h e  

b e s t  c o l l i m a t e d  beam. Th is  s t e p  r e q u i r e s  p a t i e n c e  and a  c e r t a i n  

degree  of a c q u i r e d  s k i l l .  

(g) Check t h e  beam c o l l i m a t i o n  by measuring c u r r e n t s  a t  v a r i o u s  

e l e c t r o d e s  of t h e  i n t e r a c t i o n  r e g i o n  assembly.  C o r r e c t ,  i f  nec- 

e s s a r y ,  by a d j u s t i n g  t h e  r e t a r d i n g  l e n s .  

( h )  Apply t h e  s i g n a l  t o  t h e  boxcar  i n t e g r a t o r  and r e c o r d  i t s  o u t p u t .  

Check t h e  ze ro  l e v e l  when any g a i n  o r  s e n s i t i v i t y  l e v e l s  a r e  

changed. 

3 .1 .3  Obta in  a  n e u t r a l  beam (bypass t h i s  i t e m  i f  i o n - n e u t r a l  c o l l i s i o n s  

a r e  t o  b e  s t u d i e d ) .  - 

( a )  Turn on t h e  CEX a m p l i f i e r s ,  i n c l u d i n g  b i a s  and d e f l e c t i o n  v o l t a g e s .  

Do n o t  remove t h e  d e f l e c t i o n  v o l t a g e  when t h e  bo lomete r  i s  i n  

p o s i t i o n  and an i o n  beam i s  running.  

(b)  Check t o  s e e  t h a t  t h e r e  i s  no r e s i d u a l  i o n  c u r r e n t  a t  t h e  Faraday 

cup o r  e n t e r i n g  t h e  c o l l i s i o n  r e g i o n .  

( c )  Turn on t h e  bolometer  a m p l i f i e r  power and s lowly  t u r n  up t h e  

bolometer bias to - 550V in s teps  not exceeding lOOV each .  

(d )  R o t a t e  t h e  bolometer  i n t o  p o s i t i o n .  

( e )  Open t h e  exchange gas l e a k  v a l v e  u n t i l  t h e  b e s t  n e u t r a l  beam i n -  

t e n s i t y  i s  o b t a i n e d ,  a s  determined by t h e  bolometer  s i g n a l .  

( f )  C a l i b r a t e  t h e  bolometer  by measuring CEX c u r r e n t s  il, i2, and i 3 

as  d e s c r i b e d  i n  S e c t i o n  2 .4 .2 .  



3 .1 .4  P r e p a r e  t h e  coun t ing  system. - 

( a )  F i l l  t h e  p h o t o m u l t i p l i e r  hous ing  w i t h  crushed d ry  i c e .  

(b) Turn t h e  p h o t o m u l t i p l i e r  h igh-vo l tage  t o  1800V. Check t h e  o u t p u t  

c u r r e n t  of t h e  p h o t o m u l t i p l i e r  t o  s e e  t h a t  i t  does n o t  exceed 1 

rnA . 
(c )  Using a two ( o r  more) t r a c e  o s c i l l o s c o p e ,  a d j u s t  t h e  p o s i t i o n  and 

wid th  o f  t h e  g a t e  t o  correspond t o  t h e  we l l -de f ined  "on" and "of f"  

p o r t i o n s  o f  t h e  i o n  beam. 

(d) I f  spectrum s c a n s  a r e  t o  b e  done,  t h e  p h o t o m u l t i p l i e r  ou tpu t  

should  b e  observed w i t h  an  a p p r o p r i a t e l y  tuned p h a s e - s e n s i t i v e  de- 

t e c t o r ,  i n s t e a d  of t h e  coun t ing  e l e c t r o n i c s .  

3 .1 .5  P r e p a r e  i n t e r a c t i o n  r e g i o n .  - 

( a )  Adjus t  b i a s  v o l t a g e s  t o  suppress  secondary e l e c t r o n s .  

(b) Open t a r g e t  gas  l e a k  v a l v e  u n t i l  some a t t e n u a t i o n  of t h e  i n c i d e n t  

beam i s  observed.  

3 .1 .6  P r e p a r e  t h e  monochromator. - 

(a )  Using z e r o  o r d e r ,  a l i g n  t h e  o p t i c a l  sys tem f o r  peak s i g n a l .  

(b) I f  s p e c t r a  a r e  t o  b e  measured,  a d j u s t  s l i t s  f o r  r e q u i r e d  reso lu -  

t i o n  and s c a n  t h e  d e s i r e d  range.  Scan s p e e d ,  s l i t  w i d t h  and de- 

t e c t o r  i n t e g r a t i n g  t ime must a l l  b e  compat ible  ( e . g . ,  i f  t h e  

0 
i n t e g r a t i n g  t ime  is  1 0  s e c  and t h e  s l i t s  a r e  s e t  f o r  5 A r e s o l u -  

t i o n ,  a  s c a n  speed of 50 8 p e r  minute is t o o  f a s t )  . 
( c )  Tune t h e  monochromator t o  t h e  wavelength f o r  which a  c r o s s - s e c t i o n  

i s  t o  b e  measured. 



(d)  I n c r e a s e  t h e  s l i t  w i d t h s  u n t i l  no f u r t h e r  i n c r e a s e  of s i g n a l  i s  

s e e n .  I f  t h e r e  i s  a n o t h e r  s p e c t r a l  l i n e  nearby ,  i t  is  n e c e s s a r y  

t o  use  narrower  s l i ts  and a b s o l u t e  c r o s s - s e c t i o n  measurements are 

d i f f i c u l t  . 
3.1 .7  Record t h e  n e c e s s a r y  d a t a  ( q u a n t i t i e s  and paramete rs  t o  b e  re- 

corded a r e  summarized i n  S e c t i o n  3 . 2 ) .  - 

3.1.8 C a l i b r a t e .  - 

( a )  Every th ing  excep t  t h e  d e t e c t o r  e l e c t r o n i c s  may b e  t u r n e d  o f f  d u r i n g  

c a l i b r a t i o n .  

(b)  R e f e r r i n g  t o  F igure  1 5 ,  s e t  t h e  image d i s t a n c e  u s i n g  t h e  s c a l e  on 

t h e  s i d e  of t h e  a p e r t u r e  c a r r i e r .  

( c )  Turn up t h e  lamp c u r r e n t  u n t i l  t h e  f i l a m e n t  i s  incandescen t  and 

focus  i t  on t h e  a p e r t u r e .  

(d)  Open t h e  s h u t t e r  and u s e  t h e  s i g n a l  t o  v e r i f y  t h a t  t h e  o p t i c a l  

sys tem i s  a l i g n e d  f o r  c a l i b r a t i o n  and t h a t  t h e  e n t r a n c e  s l i t  i s  

l a r g e  enough t o  t r a n s m i t  t h e  whole c a l i b r a t i o n  image. 

(e) I n s t a l l  t h e  n e c e s s a r y  amount of n e u t r a l  d e n s i t y  a t t e n u a t i o n ,  and 

band pass  f i l t e r s  i f  r e q u i r e d .  

( f )  I n c r e a s e  t h e  lamp c u r r e n t  t o  t h e  v a l u e  f o r  which i t  was c a l i b r a t e d  

( F i g u r e  7 ) .  

(g) Count long  enough t o  o b t a i n  good s t a t i s t i c s ,  and r e c o r d  b o t h  t i m e  

and number of coun ts .  

(h) Without changing t h e  s l i t  w i d t h s ,  r e p l a c e  t h e  t u n g s t e n  r i b b o n  lamp 

by a  l i n e  s o u r c e  and s c a n  a s p e c t r a l  l i n e  of a wavelength n e a r  

t h a t  measured. The bandwidth can b e  determined from t h e  a r e a  under 

t h e  curve .  



3 . 2  E v a l u a t i o n  of Cross-Sect ions  

T h i s  s e c t i o n  summarizes t h e  q u a n t i t i e s  which must b e  measured t o  d e t e r -  

mine an emiss ion c r o s s - s e c t i o n  under any s e t  of e x p e r i m e n t a l  c o n d i t i o n s ,  and 

t h e  computat ional  procedures  t h a t  a r e  used t o  e v a l u a t e  t h e  c r o s s - s e c t i o n s  

from t h e  d a t a .  

3 . 2 . 1  Required d a t a .  - There  a r e  f o u r  t y p e s  of i n f o r m a t i o n  which s h o u l d  

be  recorded  t o  document any exper iment .  They a r e  (1) t h e  e x p e r i m e n t a l  con- 

d i t i o n s  more-or-less i n c i d e n t a l  i n  r e l a t i o n  t o  t h e  measurements b e i n g  made, 

(2) t h e  exper imenta l  parameters  which a r e  changed i n  a s y s t e m a t i c  way from 

one set of measurements t o  a n o t h e r ,  ( 3 )  t h e  a c t u a l  d a t a  from which a n  un- 

known q u a n t i t y  ( i n  t h i s  c a s e  a  c r o s s - s e c t i o n )  may b e  computed v i a  a t h e o r e t i -  

c a l  r e l a t i o n s h i p  and ( 4 )  c a l i b r a t i o n  d a t a .  The q u a n t i t i e s  f a l l i n g  i n t o  each 

of t h e s e  f o u r  c a t e g o r i e s  are l i s t e d  below: 

1. Exper imental  c o n d i t i o n s :  

( a )  i o n  s o u r c e  o p e r a t i n g  c o n d i t i o n s  

(b)  i o n  l e n s  o p e r a t i n g  c o n d i t i o n s  

( c )  vacuum chamber p r e s s u r e  

(d)  a n a l y z e r  f i e l d  (and c u r r e n t )  

( e )  monochrometer s l i t  s i z e s  and g r a t i n g  

( f )  p h o t o m u l t i p l i e r  h i g h  v o l t a g e  

(g) d e t e c t o r  sys tem o p e r a t i n g  c o n d i t i o n s  ( e . g . ,  d i s c r i m a t o r  l e v e l ,  

time-base p e r i o d ,  g a t e  w i d t h ,  a m p l i f i e r  ga in )  

(h)  c o l l i s i o n  r e g i o n  b i a s  v o l t a g e s  



2. Exper imental  pa ramete rs :  

( a )  sys tem ( e . g . ,  ~ e +  + N2) 

(b)  t r a n s i t i o n / w a v e l e n g t h  

( c )  beam energy 

(d)  p o l a r i z a t i o n  a x i s  

3 .  Exper imental  d a t a :  

( a )  i n c i d e n t  beam c u r r e n t  ( i . e . ,  w i t h  no t a r g e t  gas )  

(b)  beam c u r r e n t  s t a b i l i t y  (monitored d u r i n g  r u n  w i t h  t a r g e t  gas )  

( c )  t a r g e t  gas  p r e s s u r e  ( a l s o  monitored f o r  s t a b i l i t y )  

(d)  t a r g e t  gas  t empera tu re  

( e )  "beam on" counts  (C)  

( f )  "beam o f f "  counts  (Co) 

(g) coun t ing  t ime ( t )  

4. C a l i b r a t i o n :  

( a )  lamp c u r r e n t  

(b)  lamp r a d i a n c e  a t  tuned wavelength 

( c )  a p e r t u r e  a r e a  

(d) m a g n i f i c a t i o n  f a c t o r  m 2 

( e )  t r a n s m i s s i o n  f a c t o r s  of l e n s e s ,  m i r r o r s  and f i l t e r s  

( f )  s l i t  w i d t h s  d u r i n g  c a l i b r a t i o n  

(g) c a l i b r a t i o n  coun t ing  t ime ( t c )  

(h)  c a l i b r a t i o n  counts  (Cc) 

3 . 2 . 2  Computations. - S i n c e  t h e  o p t i c a l  sys tems of t h e  appara tus  were 

designed t o  have t h e  same t r a n s f e r  e f f i c i e n c y  f o r  b o t h  i n t e r a c t i o n  and c a l i -  

b r a t i o n  l i g h t ,  t h e  i n t e r a c t i o n  photon f l u x  a t  r i g h t  a n g l e s  t o  t h e  beam ( t h e  



p o l a r  a n g l e  of observed l i g h t  i s  8 = 
SII,.L ,l 

qi (90') = s l1.1 K ~ a  A (36) 
C 

where S = i n t e r a c t i o n  l i g h t  count r a t e  

Sc = c a l i b r a t i o n  l i g h t  count r a t e  

A = c a l i b r a t i o n  a p e r t u r e  a r e a  

RXo = c a l i b r a t i o n  lamp s p e c t r a l  r a d i a n c e  a t  wavelength Xo 

K~ 0 
i n c l u d e s  a l l  t h e  t r a n s f e r  f u n c t i o n s  of t h e  c a l i b r a t i o n  o p t i c s ,  

i n c l u d i n g  convers ion  of u n i t s  f o r  R from p watts/mm2 . ster  nm X 
0 

t o  pho tons / sec  ' mm2 s t e r  A. 
0 

The f a c t o r  i n  b r a c k e t s  has  t h e  dimensions of wavelength (A) and i s ,  by de- 

f i n i t i o n ,  t h e  sys tem bandwidth.  It i s  s imply t h e  a r e a  ( i n  a r b i t r a r y  u n i t s )  

under t h e  t r a n s f e r  f u n c t i o n  curve f o r  t h e  l i g h t  d e t e c t i o n  system normal ized 

t o  T (AO ) ( i n  t h e  same a r b i t r a r y  u n i t s ) .  The t r a n s f e r  curve may b e  ob- 

t a i n e d  by scann ing  t h e  monochromater a c r o s s  a  s p e c t r a l  l i n e  a t  o r  n e a r  A,. 

This  f a c t o r  i s  d i s c u s s e d  i n  d e t a i l  i n  t h e  l a b o r a t o r y  notebooks.  The symbols 

1 I and L i n d i c a t e  t h a t  t h e  observed p o l a r i z a t i o n  d i r e c t i o n  i s  p a r a l l e l  t o  

o r  p e r p e n d i c u l a r  t o  t h e  beam a x i s ,  r e s p e c t i v e l y .  Only h a l f  t h e  lamp o u t p u t  

RX i s  a p p l i c a b l e  t o  each p o l a r i z a t i o n ,  s i n c e  t h e  c a l i b r a t i o n  l i g h t  i s  assumed 

t o  b e  u n p o l a r i z e d  and h a l f  i t s  ou tpu t  i s  t h e r e f o r e  removed by t h e  p o l a r i z e r  

i n  each case .  The two p o l a r i z a t i o n  components o f  course  must obey t h e  

r e l a t i o n  



Equa t ion  (36) g i v e s  us  a  means t o  de te rmine  t h e  photon f l u x  p e r  u n i t  

s o l i d  a n g l e  i n  a  p a r t i c u l a r  d i r e c t i o n  ( 8  = 90') r e l a t i v e  t o  t h e  beam a x i s .  

I f  we a r e  t o  measure t h e  t o t a l  c r o s s - s e c t i o n  f o r  emiss ion  of l i g h t  a t  wave- 

l e n g t h  Xo, we must have t h e  t o t a l  photon f l u x  i n  a l l  d i r e c t i o n s .  T h i s  i s  

given by 
d s , .  X 0 

We must have an e x p r e s s i o n  f o r  (0 i n  o r d e r  t o  e v a l u a t e  t h e  i n t e g r a l .  Xo 

Since  a  c o l l i s i o n  h a s  az imutha l  symmetry about  t h e  beam a x i s ,  we assume a  

d i p o l e  r a d i a t i o n  p a t t e r n  ( s e e  Refs .  25 through 27) ,  where ' FXO depends on ly  

on t h e  p o l a r  a n g l e  8  and i s  g iven  by 

The q u a n t i t y  E i s  t h e  p o l . a r i z a t i o n ,  d e f i n e d  by 
I I 

n =  (go0) - %ol (go0) 
7T--3 

- (40) 
n o  (90 ) + (%0490°) 

We now s u b s t i t u t e  e q u a t i o n  (39) i n t o  e q u a t i o n  (38) and perform t h e  in -  

t e g r a l ,  o b t a i n i n g  

Note t h a t  i f  t h e  r a d i a t i o n  is  u n p o l a r i z e d ,  TI=  o and we have j u s t  t h a t  

t o t a l  f l u x  we would o b t a i n  by assuming i s o t r o p i c  r a d i a t i o n .  

It is  now n e c e s s a r y  t o  r e l a t e  t h e  t o t a l  photon f l u x  t o  t h e  c r o s s - s e c t i o n  

f o r  emiss ion  o f  r a d i a t i o n  a t  wavelength  Xo. W e  have from Neff (Refs .  1 3 ,  2 8 ) ,  
-cc nL) 

u -0 nL (1 - e 
= 1  - ( 1 - e  c [ n L -  o I (42) 

f l c  
where = photons / sec  a t  Xo 

Xo 
I = i n c i d e n t  beam f l u x  ( i n  p a r t i c l e s / s e c )  
0 

rr = emiss ion  c r o s s - s e c t i o n  f o r  primary 

c o l l i s i o n s  

= emiss ion  c r o s s - s e c t i o n  f o r  secondary 

c o l l i s i o n s  

9 3  



" c = charge exchange c r o s s - s e c t i o n  

n = p a r t i c l e  d e n s i t y  of t a r g e t  gas  

L  = observed p a t h  l e n g t h  

The t a r g e t  p a r t i c l e  d e n s i t y  n i s  ob ta ined  from t h e  p e r f e c t  gas l aw,  

and is  
n = 0 . 9 6 5 7  x 1016 P/T, 

where P i s  t h e  p r e s s u r e  ( i n  microns of Hg) and T i s  t h e  a b s o l u t e  t empera tu re .  

The e f f e c t  of secondary p r o c e s s e s  can b e  removed by a s t u d y  o f  t h e  p r e s s u r e  

dependence of 3 . I f  we assume t h a t  t h i s  has  been done ( o r  t h a t  secondary 
Xo 

p r o c e s s e s  a r e  n e g l i g i b l e ) ,  t h e  second term of (42) may b e  set t o  z e r o  and t h e  

remaining e x p r e s s i o n  s o l v e d  f o r  @ i n  terms of measured o r  known q u a n t i t i e s .  

The r e s u l t ,  where we r e p l a c e  t h e  parameter  K by i t s  e x p l i c i t  f a c t o r s ,  X 0 
I I L 

is t h e n  -8 2 
a - = 0 . 5 0 7 x 1 0  Am B T L T M T F h o R X o  

r 

where A = a p e r t u r e  a r e a  (mm2) 

m = a p e r t u r e  l i n e a r  m a g n i f i c a t i o n  

B = monochromator bandwidth (2) 
T L,M,F = t r a n s m i s s i o n  f a c t o r s  f o r  c a l i b r a t i o n  

l e n s e s ,  m i r r o r s  and f i l t e r s  

X = wavelength (a )  
RA = lamp r a d i a n c e  (p w a t t s i s t e r  ' nm . mm2) 

t c  = c a l i b r a t i o n  count t i m e  ( s e c )  

C c  = c a l i b r a t i o n  counts  

C = beam on counts  

Co = beam o f f  (background) counts  

9 4  



t = s i g n a l  coun t ing  t i m e  ( s e c )  

i = i n c i d e n t  beam c u r r e n t  (amperes) 

P  = t a r g e t  gas  p r e s s u r e  (microns of Hg) 

T  = t a r g e t  gas  t empera tu re  ( O K )  

L  = i n t e r a c t i o n  r e g i o n  l e n g t h  (cm) 

2 QC = charge-exchange c r o s s - s e c t i o n  (cm ) 

II = s i g n a l  p o l a r i z a t i o n  as d e f i n e d  by 

e q u a t i o n  (40) 

Note t h a t  i f  t h e  charge exchange c r o s s - s e c t i o n  i s  n o t  l a r g e ,  t h e  second 

b r a c k e t e d  term reduces  t o  1 .036 x  1 0 - l ~ ~  and t h e  e x a c t  v a l u e  of qc i s  n o t  
PL 

r e q u i r e d .  





4.0 EWERIrnNTS 

A t  s e v e r a l  s t a g e s  of the  apparatus  development, experiments were done t o  

check i t s  performance and t o  ob ta in  prel iminary information about c e r t a i n  

p o t e n t i a l l y  i n t e r e s t i n g  a reas  of research  f o r  which more d e t a i l e d  measure- 

ments should follow. The experiments included measurement of t h e  s p e c t r a l  

l i n e s  produced by Fe+ +- gas t a r g e t  c o l l i s i o n s ,  s p e c t r a l  and cross-sec t ion  

measurements f o r  ~ r +  + A r  c o l l i s i o n s ,  and l ikewise  f o r  ~ e +  + A r  . Some of 

t hese  measurements were of s u f f i c i e n t  i n t e r e s t  t o  be published. Only b r i e f  

summaries of t he  r e s u l t s  w i l l  b e  given i n  t h i s  Sec t ion ,  and t h e  pub l i ca t ions  

w i l l  b e  referenced.  

4 . 1  ~ e +  + Gas Target  Experiments 

Spec t r a  were recorded f o r  t he  case of i r o n  ions  impinging on N 2 ,  O2 ' 
a i r  and A r  a t  s e v e r a l  ene rg i e s .  N and O 2  a r e ,  of course,  p resent  dur ing  2  

meteor ic  c o l l i s i o n s ,  and a i r  was included t o  v e r i f y  t h a t  i t s  e f f e c t  under 

s i n g l e  c o l l i s i o n  condit ions is  simply a  weighted sum of t h e  r e s u l t s  f o r  N 
2 

and 02.  A r  was a l s o  used a s  a  t a r g e t  gas i n  order  t o  ob ta in  comparison 

s p e c t r a  without  molecular bands. The s p e c t r a  could be i n t e r p r e t e d  t o  i nd i -  

ca t e  r e l a t i v e  amplitudes and t o  g ive  a  rough i n d i c a t i o n  of t h e  abso lu t e  cross- 

s e c t i o n s  involved.  They were analyzed t o  determine what s p e c t r a l  t r a n s i t i o n s  

were involved.  The r e s u l t s  were publ ished i n  Ref. 29. It i s  i n t e r e s t i n g  

t o  no te  t h a t  t he  s p e c t r a  observed were almost e n t i r e l y  i n  the  W (2200 2 t o  

0 
4000 A), and t h a t  some of t he  upper l e v e l s  a r e  t h e  same as those l ead ing  t o  

0 
l i n e s  p re sen t  i n  meteor s p e c t r a  between 4000 a and 6500 A,  although none of 

the  l a t t e r  were de t ec t ea .  Most of t he  measurements were made a t  an i o n  energy 

+ 
of 900 eV, which corresponds t o  a  v e l o c i t y  of 56 km/sec f o r  Fe . 



-4 
4.2 A r  + A r  Experiments 

C o l l i s i o n s  of ~ r '  + Ar were done f o r  two reasons :  (1)  t o  check t h e  sen-  

s i t i v i t y  o f  t h e  a p p a r a t u s  o v e r  i t s  whole s p e c t r a l  range and (2)  t o  e v a l u a t e  

a  c r o s s - s e c t i o n  f o r  a p r o c e s s  t h a t  had been measured by o t h e r  workers .  

+ 
The A r  + A r  sys tem produces  many s p e c t r a l  l i n e s .  I n  a l l ,  over  80 

l i n e s  were observed and i d e n t i f i e d  a t  wavelengths  between 3000 2 and 8000 8. 
The s t r o n g e s t  f e a t u r e s  ( a f t e r  c o r r e c t i n g  f o r  i n s t r u m e n t  f u n c t i o n )  a r e  s e v e r a l  

A r  I l i n e s  above 6000 2. They be long  t o  m u l t i p l e t s  ex tend ing  i n t o  t h e  I R  

above t h e  d e t e c t o r  s e n s i t i v i t y  c u t o f f .  L ines  of n e u t r a l  A r  were  a l s o  ob- 

0 
s e r v e d  between 3000 2 and 5000 A. The g r e a t  m a j o r i t y  of l i n e s  were t h o s e  o f  

A r  11, however, and t h e s e  were compared w i t h  t h e  s p e c t r a  r e p o r t e d  by Neff 

(Ref.  28) and by S l u y t e r s  and Kistemaker (Ref.  3 0 ) .  Although we o p e r a t e  a t  

t h e  same energy a s  N e f f ,  and w i t h  a very  similar a p p a r a t u s ,  t h e r e  a r e  many 

d i s c r e p a n c i e s  between t h e  r e s u l t s .  We s e e  many more l i n e s  t h a n  were  r e p o r t e d  

by him, i n c l u d i n g  s e v e r a l  s t r o n g  l i n e s  which h e  p o i n t s  o u t  a r e  n o t a b l y  m i s s -  

i n g  from h i s  s p e c t r a .  I n  g e n e r a l ,  our  r e s u l t s  a r e  more n e a r l y  comparable 

w i t h  t h o s e  of Reference 30,  which a r e  f o r  e n e r g i e s  o f  5  keV and above. 

0 + 
The a b s o l u t e  emiss ion  c r o s s - s e c t i o n  of t h e  4806 A l i n e  of A r  was meas- 

ured o v e r  t h e  energy range 100 eV t o  3000 eV, a t  a t a r g e t  gas  p r e s s u r e  of 

- 3  about 0 . 8  x  10 t o r r .  The r e s u l t s  a r e  p l o t t e d  i n  F igure  24, where t h e y  a r e  

compared w i t h  t h e  d a t a  p u b l i s h e d  i n  Refs .  28 and 30.  The d i f f e r e n c e s  may b e  

w i t h i n  exper imenta l  u n c e r t a i n t i e s  i n  t h i s  case .  It shou ld  b e  no ted  t h a t  

N e f f ' s  d a t a  was c a l i b r a t e d  by matching t o  t h e  e x t r a p o l a t e d  r e s u l t s  of 

Sluy t e r s  and K i s  temaker . 
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Figure  2 4 ,  Ar + Ar C r o s s - S e c t i o n s ,  4806A 
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4 . 3  He + A r  Experiments 

A number of exper imenta l  runs  were  made t o  measure t h e  energy dependence 

+ 
of t h e  c r o s s - s e c t i o n  f o r  p roduc t ion  of t h e  4610 1 and 4765 1 l i n e s  of Ar by 

+ + He f Ar c o l l i s i o n s .  The He i o n  energy ranged from 20 e V  ( t h e  approximate  

t h r e s h o l d  v a l u e  f o r  t h e  e x c i t a t i o n )  t o  2000 eV. Data  were  t a k e n  every  5 eV 

o r  10 eV a t  low e n e r g i e s  ( t o  100 eV), and a t  50 eV t o  100 eV inc rements  a t  

h i g h e r  e n e r g i e s .  The energy s p r e a d  of t h e  beam was measured t o  b e  ' 3 e V  a t  

100 eV beam energy.  

The c r o s s - s e c t i o n  v s .  energy curves  show c o n s i d e r a b l e  s t r u c t u r e ,  i n d i c a t -  

i n g  complex i t i e s  i n  t h e  c o l l i s i o n  mechanism t h a t  a r e  of t h e o r e t i c a l  i n t e r e s t  

( e . g . ,  s e e  Refs .  31 through 3 3 ) .  The r e s u l t s  of measurements from 20 eV t o  

700 eV have been pub l i shed  (Ref .  34) .  Above 700 eV t h e r e  is  l e s s  s t r u c t u r e  

0 
apparen t .  I n  t h e  c a s e  of t h e  4610 A l i n e ,  t h e  c r o s s - s e c t i o n  reaches  a peak 

a t  about 900 eV, then  d e c r e a s e s  monotonical ly  (excep t  f o r  a  p o s s i b l e  s m a l l  

r i s e  n e a r  1800 eV). The 4765 2 l i n e  c r o s s - s e c t i o n  peaks a t  about  400 eV, 

then  d e c r e a s e s  monotonical ly  t o  2000 e V  where t h e  d a t a  t e r m i n a t e s .  



5.0 N2+ + C a  COLLISIONS 

There  i s  a p o s s i b i l i t y  t h a t  t h e  H and K l i n e s  of ~ a +  observed i n  meteor 

s p e c t r a  may be  due t o  r e a c t i o n s  of t h e  t y p e  (Ref.  35) 

2 i f  t h e  c r o s s - s e c t i o n  f o r  t h i s  p r o c e s s  i s  of t h e  o r d e r  o f  10-16 cm . It is 

t h e r e f o r e  of i n t e r e s t  t o  measure t h e  c r o s s - s e c t i o n  f o r  t h e  p r o d u c t i o n  o f  

t h e  H and K l i n e s  by N2+ + Ca c o l l i s i o n s  over  t h e  range of m e t e o r i c  ener -  

g i e s .  The concep tua l  des ign  o f  a c o l l i s i o n  chamber f o r  such measurements 

i s  t h e  s u b j e c t  of t h i s  S e c t i o n .  

Two methods were  cons idered  t o  o b t a i n  t h e  C a  vapor  and t o  de te rmine  i t s  

c o n c e n t r a t i o n .  The f i r s t ,  much t h e  s i m p l e r  i n  p r i n c i p l e ,  i s  t o  p l a c e  a 

c r u c i b l e  of Ca i n  a chamber t h a t  can b e  h e a t e d  enough t o  produce t h e  re- 

q u i r e d  vapor  p r e s s u r e  (abou t  8 0 0 ' ~  t o  o b t a i n  t o r r  Ca vapor  p r e s s u r e ) .  

The d e n s i t y  of t h e  Ca vapor would b e  determined by measuring t h e  e q u i l i b -  

r ium tempera tu re  of t h e  chamber, s i n c e  i t s  vapor p r e s s u r e  is  w e l l  known 

(Ref. 3 6 ) .  The chamber would have e n t r a n c e  and e x i t  a p e r t u r e s  f o r  t h e  i o n  

beam, s imilar  t o  t h e  e n t r a n c e  s l i ts  of t h e  gaseous t a r g e t  c o l l i s i o n  chambers, 

and a q u a r t z  window t o  a l low t h e  r a d i a t e d  l i g h t  t o  b e  p r o j e c t e d  i n t o  t h e  

o p t i c a l  sys tem.  The chamber might be  s l i g h t l y  i n c a n d e s c e n t ,  due t o  t h e  

e l e v a t e d  t empera tu re ,  b u t  t h e  d c  background s o  produced would b e  e a s i l y  re- 

moved by t h e  ga ted  count ing t echn ique .  condensation of Ca on Pile window 

could be prevented by proper thermal design,  but the hot vapor might attack 

the window chemically. 

The o t h e r  method t o  p r o v i d e  t h e  Ca vapor f o r  t h e  c o l l i s i o n s  is by means 

of a crossed-beam ob ta ined  from a h i g h  t empera tu re  Ca oven. I n  t h i s  c a s e  

the problems of chemical at tack and background light can be avoided, 



b u t  they a r e  r e p l a c e d  by problems of de te rmin ing  t h e  Ca d e n s i t y  and d i s t r i -  

b u t i o n  a c r o s s  t h e  beam. The proposed exper imenta l  c o n f i g u r a t i o n  i s  shown 

i n  F i g u r e  25. The Ca beam would b e  o b t a i n e d  from a  mul t i -channel  oven s o u r c e  

surrounded by h e a t  s h i e l d s .  A f i n a l  c o l l i m a t i o n  a p e r t u r e  is shown i n  t h e  

outermost  h e a t  s h i e l d  a d j a c e n t  t o  t h e  N ~ +  beam. Mass flow would b e  measured 

by a  mic roba lance ,  and oven t empera tu re  measured by a  thermocouple.  These  

two q u a n t i t i e s  a r e  s u f f i c i e n t  t o  determine t h e  Ca beam p a r t i c l e  d e n s i t y  , 

provided t h e  beam v e l o c i t y  can b e  computed f o r  a  mul t i -channel  s o u r c e  ( f o r  

sample c a l c u l a t i o n s ,  s e e  Refs .  37 and 38). A s h u t t e r  i n  f r o n t  of t h e  micro- 

b a l a n c e  c o l l e c t o r  would b e  opened only  when mass measurements were t o  b e  

made. The i n t e r a c t i o n  volume i s  i n d i c a t e d .  S i n c e  n e i t h e r  t h e  i o n  beam n o r  

t h e  Ca beam would b e  expec ted  t o  b e  uniform,  i t  would b e  necessa ry  t o  measure 

t h e  d i s t r i b u t i o n s  of each.  P re l iminary  drawings of a  Ca oven d e s i g n  a r e  in -  

c luded i n  t h e  Drawing L i s t .  
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APPENDIX B: CURRENT-VOLTAGE TRANSDUCER 

The purpose of th is  unit i s  t o  provide very f a s t  current t o  voltage con-  

version and gain for the  interact ion region e lec t rodes  and Faraday cup.  It  

c o n s i s t s  of an  operat ional  amplifier used  in the current t o  voltage mode,  a n  

input protection c i rcui t  t o  protect  the  amplifier from high voltage charges  on 

the  e l ec t rodes ,  g h ~ . :  swi tching,  an output limiter t o  avoid sa tu ra t ion ,  a 

current buffer to maintain high bandwidth,  a double-ended window detec tor  
+ 

t o  s e n s e  voltage excurs ions  grea ter  than - 10 V and drive an  overload in -  

dicator  lamp,  and a X 10 amplifier with provision for adjus table  of fse t .  An 

input switching network i s  self-evident  from the  schemat ic  (SK 120-3327). 

The current  converter c o n s i s t s  of the  c losed  loop containing the  o p  amp,  

a buffer, and the  variable ga in  network. The la t te r  conta ins  two gain switching 

modes.  The f i rs t  (outer  control knob,  Sl ) controls  the  feedback res i s to r  R 
f ' 

This i s  the  most s t a b l e  mode for u s e  with high g a i n s ,  but i s  accompanied by 

reduced bandwidth a s  determined by the  RC time constant  of the  feedback re-  

s i s t o r  and s t ray  capac i t ance .  The second  gain switching mode (inner knob ,  

S ) s e l e c t s  a voltage divider  t a p  tha t  mult ipl ies  the  effect ive value of R 
2 f 

by the  fac tor  (Rl  + R ~ ) / R ~ .  This mode d o e s n ' t  a f fec t  bandwidth, but thermal 

drifts and offset  vol tages  inc rease  proportionally to  the  gain se t t ing  of S 2 ' 
The buffer i s  provided t o  drive the  paral lel  loads  of the  voltage divider  

t ap  networks ,  which would otherwise limit the  bandwidth of the operat ional  

amplifier because  of the  inc reased  current dra in .  

The t i m e  required for the  current conversion c i rcui t  t o  recover from 

sa tura t ion  i s  e x c e s s i v e ,  s o  an  output overload limiter cons is t ing  of zener  

d iodes  and low leakage  d iodes  i s  included t o  prevent th is  from occurring.  

The output of the  current converter  has  been arranged s o  tha t  i t  i s  no 

more than 1 V .  The reasons  for th is  a r e  (1) lower power d i s s ipa t ion  t o  reduce  

thermal d r i f t s ,  (2) high s l e w  ra te  for higher bandwidth,  and (3) lower 0ffsc.t 

drif t .  This i s  followed by a high impedance ,  gain-of-ten amplifier a s  t h e  



l a s t  s t a g e .  An output overload l igh t ,  driven by a double-ended window 
+ 

comparator,  comes on when the  output exceeds  - 10 V .  
+ + 

The - 12 V power for th is  unit  i s  taken from the  NIM-bin - 24 V bus 

through two 723C regulators .  The voltage may be  trimmed by adjus t ing  two 
9 

potentiometers.  The 10 res i s to r s  should not be  touched ,  a s  this  would in-  

duce  gross  errors due  t o  leakage  currents .  



APPENDIX C: LOGIC CONTROL UNIT 

An explanation of the  operation of th is  c i rcui t  i s  h e s t  begun by a d i s -  

cuss ion  of the SYNC MODE swi tch  S l  ( s e e  SK 120-3328). In the  "OSC" pos i -  

t ion ,  beam phasing i s  control led ei ther  by the  logic  u n i t ' s  internal  c lock or 

by a s igna l  derived from the  t ime-base s igna l  of the  boxcar integrator .  

Osci l la tor  se lec t ion  is made by swi tch  S , which provides a s ignal  t o  2 
the  appropriate one  of two AND g a t e s  in module I 4  

. Both AND outputs  

a r e  appl ied  to a n  OR g a t e  in I3 , which in turn controls  the  t ime-base  

flip-flop in I  
5 

(The other  flip-flop in I  is used a s  a  la tch  in the  da ta  
5 

accumulate  sys tem.  ) 

In the  "MAN" mode pos i t ion ,  both I  g a t e s  a r e  held low (c losed)  
4 

through 500G r e s i s t o r s ,  and hence  there is no toggling of the  t ime-base 

f l ip- f lop .  In th is  mode, swi tch  S controls  the  two remaining AND g a t e s  
- 3- 

in  I , which i n  turn ei ther  SET or RESET the  d i rec t  input terminals of the  4 
I f l ip- f lop .  Both of the  la t te r  two g a t e s  a r e  open i n  the  OSC mode, c a u s -  
5 - 

ing a common "high"  to  appear  a t  the  SET and RESET of I  
5 

Since  only 

a "low" s t a t e  overrides the  flip-flop toggle funct ion ,  the  manual control  

is inoperat ive under t h e s e  condi t ions .  

The internal c lock c o n s i s t s  of t rans is tors  T , T and T and the  one-  
1 2  3 

sho t  multivibrator I  T i s  a  current source  whose  amplitude is con- 
11 ' 1 

trolled by a "trimpot" in i t s  emitter c i r cu i t .  This s e r v e s  t o  control the  

c lock period.  The current charges  a capac i to r ,  caus ing a ramp to  appear  

a t  the  emitter of unijunction T When the  unijunction f i r e s ,  i t  turns on 
2 .  

T3 , caus ing a f a s t ,  negat ive  sp ike  from i t s  col lec tor  to couple  (through 

330 pf) t o  the  input  of I 
11 ' 

The one-shot  , thus tr iggered,  produces a 

500 n s e c  clock pu l se  (duration determined by i t s  external  timing capac-  

i to r ) ,  which i s  the  s ignal  applied to  the  AND g a t e  of I 
4 * 



The external  osc i l la tor  s igna l  i s  derived from a 10 V negative ramp pro- 

duced by the boxcar integrator.  The ramp i s  shaped  into a clock pu l se  a s  

fo l lows:  The ramp (sui tably  a t tenuated  by a divider    air) i s  appl ied  t o  the  

posi t ive input of a f a s t  comparator I The I output i s  clamped "low" e x -  
8 ' 8 

c e p t  when the  ramp voltage l eve l  i s  posi t ive.  This occurs during a smal l  

portion of the  boxcar ramp, and during tha t  time the  comparator produces a 

"high" output which i s  the c lock s igna l  for  the  external  osc i l l a to r  AND g a t e  

in I Since the  t ime-base flip-flop in I swi tches  s t a t e  with every  clock 
4 ' 5 

p u l s e ,  i t s  output h a s  half the periodicity of the  boxcar integrator  t ime-base  

ramp. The .3kQ res i s to r  a t  I  inhibi ts  osc i l la t ion  and f a l s e  triggering of the 
8 

comparator.  

The beam p h a s e ,  a s  determined by the  conjugate outputs  Q a n d q  of 

the  t ime-base flip-flop in I i s  indicated by panel l ights .  These a r e  driven 
5 ' 

by modules I1 and I The chopper i t se l f  (see Appendix D) i s  driven b y T  
2 ' 

via  a n  AND g a t e  i n  17. 

Sca le r  and timer gat ing s igna l s  a r e  derived a s  follows: The 20 V boxcar 

integrator  ga te  s i g n a l ,  a t tenuated  t o  logic  l eve l s  by a voltage d iv ide r ,  i s  

appl ied  t o  both channels  of dual  ANDgate module I One of t h e s e  g a t e s  i s  
6 

control led by Q ,  the  other b y T .  H e n c e ,  the  ga te  s igna l s  a re  t ransmit ted 

a l te rnate ly  through the two g a t e s .  These a l te rnate  ga te  s igna l s  a r e  appl ied  

t o  the  two s c a l e r  channels .  Transistors  T and T are  inverters  t o  convert  
6 7 

the  s igna l s  to the f a s t ,  negative logic l eve l s  u s e d  in the  SEN 312 s c a l e r .  

The a t tenuated  boxcar g a t e  is a l s o  appl ied  t o  the  NIM-module timer v ia  the 

other  AND ga te  of 17. This ga te  is part  of a "data  accumulate" sys tem which 

i s  d i s c u s s e d  next .  

The "data accumulate" sys tem i s  provided to  a s s u r e  tha t  the  s c a l e r s  

and timer are  s tar ted  and stopped simultaneously.  System start ing i s  

triggered by a push-button switch S and stopping i s  triggered e i the r  by a 
4 ' 

s e c o n d  actuat ion of the same swi tch  or upon acquisi t ion of a predetermined 



number of counts in either scaler  channel. These l a s t  are applied to the EXT 

stop connector. The second flip-flop of I controls the data accumulate 
5 

functions, and i s  triggered, through an OR gate in I by one of the above 
3 

methods. 

When the Q output of the data accumulate flip-flop i s  "high",  T turns 
5 

on and drives the indicating lamp. Q also opens the AND gate in 17,  a l -  

lowing gate  pulses to  be transmitted to  the timer for accumulation. In this 

s t a t e ,  Q- is  "low" and T i s  off. When the flip-flop in I i s  triggered to  the 
4 5 

other s t a t e ,  Q becomes " low",  s o  the lamp goes off and the timer gate c lo ses .  
- 

In this aidte, Q i s  "high" arid 7 conducts. This cause., i ts  collector 
4 

circuit to be shunted to near grou,~rl potential. This circuit i s  cor:ricx:ted to  

the starldard "gate" chanr~:?l of NIM syst.?n?s (pj.11 36) and serv,?s io iilhil~it 

the Ti01 discrimir~at.oc. (It must 52 i n  the SA'TED r n ~ . j ; :  .? 

The logiz Cor:tri~i TJ'lit a l so  incosporat;?s a du:~! operational amplifier, 

I9 
, wired to give X 10 gain for general use .  The first  half i s  used in the 

"follower" configuration to  obtain extremely high input impedance 
8 

( = 10 n). The second half i s  used in the inverting configuration, with gain 

determined by the lk R and 10k R feedback resistors.  The r ise  time i s  lo-' 

s e c ,  and the output impedance 1 .  Output offset i s  adjustable by a trimpot. 

Power to  drive the logic system i s  derived from the 2 12 V supply of the 

NIM-bin. A Helipot regulator provides 5 V (adjusted by a trimpat) for logic 

level control. A 1.9 SZ resistor causes  crossover to  current limited operation 

a t  300 mA. This protects against  excessive load ( e .g . ,  accidental short 

circuits) . 





APPENDIX D: HIGH VOLTAGE CHOPPER 

The heart  of the  high voltage modulating c i rcui t  c o n s i s t s  of a two tube 

c i rcui t  wherein the  tubes  a r e  made t o  conduct  a l te rnate ly  by sui table  control  

grid s igna l s  ( s e e  Section 2.9.3 and Figure 23 of the  t e x t ) .  The high vol tage  

s igna l  i s  obtained from the  cathode of one of the  t u b e s .  What remains t o  be  

descr ibed is the  production of the  properly phased  grid wave-forms. 

The two grid wave-forms are  conjugate a c  s i g n a l s ,  s o  only one  sys tem 

wi l l  be descr ibed.  The wave-form potentials  a r e  der ived,  in e a c h  c a s e ,  

from float ing +30 V and -50 V p ~ w e r  suppl ies  which a r e  a l te rnate ly  appl ied  

t o  the control grid by a two-transistor  swi tch  c i rcui t .  The switching s i g n a l  

i s  provided by e i the r  a Q or Q output of a flip-flop via a driver module. The 

flip-flop, i n  turn ,  is control led by "di rec t  s e t "  and "di rec t  r e se t "  s igna l s  

derived from the  Logic Control Unit and coupled t o  the  high voltaqe circuitry 

through pulse transformers. 

A prototype of t h i s  uni t  had  problems due t o  spurious trigger s i g n a l s  

induced by high-voltage a r c s .  This c a x s e d  the  chopper phase  to sh i f t  by  

183' a".a:~dom in tervals .  To avoid th i s  proSlem, a 10 MHz osc i l la tor  w a s  

incorporated into the  control circuitry in such  a way that  i t  continuo2sly 

" s e t s "  or  " r e s e t s "  the  flip-flop to  i t s  des i red  operat ing modt?. The osc;illatn~- 

pulses  a r s  ga ted  t o  the " s e t "  connection dwing  half the  t ime-base wavn-form, 

all3 t o  t h e  " rese t "  connection during the other  half .  1n th is  wa.jr spurioun 

triggzrlng of the flip-flop i.s corrected within one period 3f the h i ~ h  freqi.lt?t~cy 

osci.llator,  and the tubes ~3r.3 forced t~ c ~ n d u c t  and shu t  off in the des i red  

al ternat ing sequencE ,. The osci l l s t5 :  i.s .3 one-shot  multivibrator with a n  in-  

verter  feedback loop ,  and its frequency i s  s e t  by a trimpot. The frequency 

h a s  been adjus ted  for optimum coupling to  the  pulse  transformers and should  

not be  changed.  

Circuit  operation i s  a s  follows: A clock s ignal  K i s  received from the  

Logic Control Unit.  A conjugate s ignal  K i s  produced by an inverting OR 



g a t e .  These  two s ignals  a re  applied t o  the  inputs  of a dual  AND g a t e ,  e a c h  

of which a l s o  rece ives  the osc i l la tor  s igna l .  The osc i l l a to r  s igna l  therefore 

appears  a l te rnate ly  a t  e a c h  g a t e  output ,  and t h e s e  in turn a r e  connected  to  

a pair of pulse  i so la t ion  transformers tha t  couple to  the  " s e t "  and " r e s e t "  

flip-flop connections mentioned above.  Thus,  when K is "high"  one pu l se  

transformer couples the  osc i l l a to r  s igna l  t o  the  " s e t "  connection and c a u s e s  

the  flip-flop output t o  go  "high" .  When K is " l o w " ,  is "high" and i t s  

pulse transformer couples  the  osc i l l a to r  s ignal  t o  the  " rese t "  connec t ion ,  

caus ing the flip-flop output t o  go " low" .  The conjugate timing is u s e d  for 

the  o ther  tube grid wave-form. 

There a re  seven  d c  voltage supp l i e s  and regulators  within the  chopper.  

Two groups of three are  iden t i ca l ,  and provide potent ia ls ,  referenced t o  the  

voltage divider t a p s ,  for the  grid wave-form and integrated c i rcui t  power. 

The seventh  provides +5 V power for those  integrated c i rcui t s  that  opera te  

a t  ground potential  ins tead  of f loat ing.  Filament power and a c  power for a l l  

the  voltage suppl ies  is provided by a multiply tapped iso la t ion  transformer. 



NEW TECHNOLOGY APPENDIX 

An Apparatus to  Study i:ollisions of Ionized 
and Neutral Particles with Gases  

a t  Meteoric Velocities 

The apparatus i s  described on pp. 6-82 of this report. Its main 

features are a s  follows: 

1. Beams of mass-analyzed ions and neutral particles can be pro- 

duced from any gas  and most elements. 

2 .  Beam energy i s  variable from lOeV to 3000eV corresponding to  
6 I particle velocities from about 10 to  10 cm/sec. 

3 .  Means are provided for colliding the beams with low pressure 

( -  1 torr) gas  targets.  
0 

4. Cl~l l is ion induced spectra can be recorded from 2200 A t o  
0 

8000 A .  

5 .  Positive and negative charge produced by the collisions can be 

measured. 

6 .  Emission cross-sections can be determined from measurements 

of: 

(a) target gas  pressure and temperature, 

(b) ion or neutral beam flux,  and 

(e) absolute intensit ies of spectral  l ines with 
0 0 

wavelengths from 2500 A to 8000 A .  

7 .  With ion beams the smallest  measurable emission cross-  
-19 2 

sections are about 10 cm a t  the lowest beam energy and 
-21 2 

about 10 cm a t  the highest  beam energy. 

This combination of features i s  thought to  be unique and to represent 

an improvement over similar apparatus of this type. 




